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ABSTRACT
An e x p e r im e n t  c o n d u c te d  o v e r  th e  s h o r e f a c e  a t  D uck, N o r th  
C a r o l in a  i n  1985 em braced  b o th  f a i r - w e a t h e r  low  e n e rg y  a n d  s to rm -  
r e l a t e d  h ig h  e n e rg y  c o n d i t i o n s .  To d i f f e r e n t i a t e  t h e  d i f f u s i o n  and  
a d v e c t io n  p r o c e s s e s  o f  s u s p e n d e d  s e d im e n ts  u n d e r  th e  h ig h  e n e rg y  
c o n d i t io n s  fro m  th o s e  u n d e r  t h e  low  e n e rg y  c o n d i t i o n s ,  n u m e r ic a l  
m o d e lin g  a n d  th e  a n a ly s i s  o f  f i e l d  d a ta  a r e  e x e r c i s e d .  A s im p le  
tw o - la y e r  ed d y  v i s c o s i t y  w a v e - c u r r e n t  com b ined  b o u n d a ry  l a y e r  m odel 
i s  d e v e lo p e d . The m odeled  c h a r a c t e r i s t i c s  o f  th e  b o u n d a ry  l a y e r  a r e  
i n c o r p o r a t e d  w i th  a  d i f f u s i o n  e q u a t io n  to  g iv e  s u s p e n d e d  s e d im e n t  
c o n c e n t r a t i o n  p r o f i l e s . A v e l o c i t y  s c a l e  r e l a t e d  t o  f a c t o r s  o t h e r  
th a n  t u r b u l e n t  d i f f u s i o n  i s  f o r m u la te d ,  r e p r e s e n t i n g  th e  d i f f u s i o n  
u n d e r  v a r y in g  e n e rg y  c o n d i t i o n s .  W ith  i n c r e a s i n g  b e d  f r i c t i o n ,  th e  
v e r t i c a l  d i f f u s i o n  o f  s e d im e n t i s  re d u c e d  due  t o  s t r a t i f i c a t i o n ,  
th u s  r e d u c in g  v e l o c i t y .  From th e  m ea su red  s u s p e n d e d  s e d im e n t  
c o n c e n t r a t i o n  p r o f i l e s ,  t h e  r e s u s p e n s io n  c o e f f i c i e n t ,  7 , show s a  
te n d e n c y  t o  d e c r e a s e  w ith  i n c r e a s e d  f lo w  i n t e n s i t y ,  s u g g e s t in g  th e  
r o l e  o f  t h e  a rm o r in g  e f f e c t .  The c o e f f i c i e n t ,  7 , v a r i e s  b e tw e e n  
0 .0 0 0 3  f o r  h ig h - e n e r g y  c o n d i t i o n s  and  0 .0 0 2  f o r  lo w -e n e rg y  
c o n d i t i o n s .  The e n e r g e t i c s  a p p ro a c h  to  p r e d i c t e d  s e d im e n t  t r a n s p o r t  
o v e r e s t im a te s  th e  r o l e  o f  wave t r a n s p o r t  f o r  th e  low  e n e rg y  
c o n d i t i o n s .  C r o s s - c o r r e l a t i o n s  b e tw e en  c r o s s - s h o r e  v e l o c i t y  and  
s e d im e n t c o n c e n t r a t i o n  show t h a t  th e  r o l e  o f  wave f o r  t h e  t r a n s p o r t  
u n d e r  low  e n e rg y  c o n d i t io n s  i s  n o t  s u b s t a n t i a l .  The d i r e c t i o n  o f  
t r a n s p o r t  u n d e r  low  e n e rg y  c o n d i t i o n s  i s  g o v e rn e d  by  th e  mean 
c u r r e n t .  U nder h ig h  e n e rg y  c o n d i t i o n s ,  t r a n s p o r t  by  w aves i s  
o n sh o re  b u t  s u p e rs e d e d  by  o f f s h o r e  t r a n s p o r t  by  th e  mean c u r r e n t ,  
r e s u l t i n g  i n  n e t  o f f s h o r e  t r a n s p o r t .  The e n e r g e t i c s  m odel b a s e d  on 
th e  s u r f z o n e  dynam ics u n d e r e s t im a te s  th e  t r a n s p o r t  r a t e  by  a n  o r d e r  
o f  m ag n itu d e  com pared  to  t h e  d e p th  i n t e g r a t i o n  o f  t h e  a v e ra g e  
p r o d u c t  o f  m ean c r o s s - s h o r e  v e l o c i t y  and  m ean c o n c e n t r a t i o n .  T h is  
i n d i c a t e s  t h a t  th e  c a l i b r a t i o n  o f  th e  e f f i c i e n c y  f a c t o r s  eg and
i n  an  e n e r g e t i c s  m odel i s  e s s e n t i a l .
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1. INTRODUCTION
An i n n e r  c o n t i n e n ta l  s h e l f  o c c u p ie s  th e  sh o re w a rd  edge o f  a  
c o n t i n e n ta l  s h e l f  and s e r v e s  a s  th e  a c t i v e  zone o f  o n - o f f s h o r e  
se d im e n t t r a n s p o r t .  E xchange o f  s e d im e n ts  b e tw een  in s h o r e  and 
o f f s h o r e  r e g io n s  d e te rm in e s  th e  g e o m o rp h o lo g ie s  and  s e d im e n t b u d g e ts  
o f  b o th  r e g i o n s .  I n  o r d e r  to  u n d e rs ta n d  th e  c o n s e q u e n t  s e d im e n ta ry  
c h a r a c t e r i s t i c s ,  we n e e d  t o  d e f in e  b o th  th e  d i r e c t i o n  and  th e  
m ag n itu d e  o f  th e  exchange p r o c e s s e s .
In  te rm s  o f  th e  d i r e c t i o n ,  a c r o s s - s h o r e  exchange  a f f e c t s  th e  
in s h o r e  s e d im e n t s to r a g e  m ore e f f e c t i v e l y  th a n  an  a lo n g s h o re  
exchange  (W rig h t, 1 9 8 7 ). W hereas th e  d i r e c t i o n s  o f  t r a n s p o r t  a r e  
e s t im a te d  b y  th e  d i r e c t i o n s  o f  low f r e q u e n c y  f lo w  a n d  th e  odd 
moments o f  h ig h  f re q u e n c y  f lo w s , th e  m a g n itu d e s  a r e  d e te rm in e d  by  
th e  m a g n itu d e s  o f  low f r e q u e n c y  f lo w s a n d  th e  even  moments o f  h ig h  
f re q u e n c y  f lo w s  ( e .g .  G re e n , 1987 ). I n  a d d i t i o n  to  th e  
h y d ro d y n a m ic a l f a c t o r s ,  f u r t h e r  c o m p l ic a t io n s  come f o r  th e  
d e te r m in a t io n  o f  th e  m a g n itu d e s  from  s e d im e n t c h a r a c t e r i s t i c s  an d  
b e d fo rm s. The q u a n t i f i c a t i o n  o f  th e  p r o c e s s  th u s  r e q u i r e s  th e  
co m p re h en s io n  o f  b o th  s e d im e n t  dynam ics an d  h y d ro d y n am ics .
C r o s s - s h o r e  exchange p r o c e s s e s  o v e r  an  in n e r  c o n t i n e n t a l  s h e l f  
a r e  s low  a n d  o f t e n  e p is o d ic  (N ied o ra  e t  a l . ,  1 9 8 4 ). The o n - o f f s h o r e  
c y c l in g  o f  s e d im e n ts  h a v e  p e r io d s  in  th e  o r d e r  o f  a  y e a r  and  a r e  n o t  
p e r f e c t l y  c lo s e d  (W righ t e t  a l . ,  1 9 8 5 ). The in c o m p le te n e s s  o f  th e
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c y c l e  r e s u l t s  i n  t h e  lo n g - te rm  ch an g e  i n  g e o m e try . The s to r m -  
r e l a t e d  h ig h  e n e rg y  i s  b e l i e v e d  t o  be r e s p o n s i b l e  f o r  t h i s  lo n g - te rm  
c h a n g e . T hus, t h e  p r o c e s s e s  s h o u ld  b e  u n d e r s to o d  by  th e  c o m p a r is o n  
o f  h ig h  e n e rg y  c o n d i t io n s  w i th  low  e n e rg y  c o n d i t i o n s .
The two d i f f e r e n t  t r a n s p o r t  s y s te m s , t h a t  i s ,  s u r f  z o n e  a n d  
c o n t i n e n t a l  s h e l f  sy s tem s e n c o u n te r  t r a n s i t i o n s  o v e r  an  i n n e r  s h e l f .  
I n s i d e  a  s u r f  z o n e , a  w ide s p e c tru m  o f  g r a v i t y  w aves e x i s t .  I n  t h i s  
r e g i o n ,  th e  p r i n c i p a l  s o u rc e  o f  momentum f l u x  i s  th e  r a d i a t i o n  
s t r e s s e s  e x e r t e d  b y  th e  w aves (L o n g u e t-H ig g in s  an d  S te w a r t ,  1 9 6 4 , 
C h a p p e l l  and E l i o t ,  1 9 7 9 ). I n  a d d i t i o n ,  t i d a l  c u r r e n t s ,  w ave  
g r o u p in e s s , lo n g s h o r e  c u r r e n t s , an d  r i p  c u r r e n t s  in d u ce  lo w e r  
f r e q u e n c y  m o tio n s . Seaw ard o f  t h e  s u r f  z o n e , m e so sc a le  m o tio n s  
d o m in a te  th e  h y d ro d y n am ics  o v e r  a  c o n t i n e n t a l  s h e l f .  An i n n e r  s h e l f  
p r o v id e s  an e f f e c t i v e  c o a s t a l  b o u n d a ry  l a y e r  t o  th e  m e s o s c a le  f lo w s  
( e . g .  C sanady, 1 9 8 2 ) .
O ver an  i n n e r  c o n t i n e n ta l  s h e l f ,  wave e n e r g i e s  a re  d i s s i p a t e d  by 
b o tto m  f r i c t i o n  a n d  waves i n t e r a c t  w ith  q u a s i - s t e a d y  c u r r e n t s  o f  
v a r i a b l e  s o u rc e s  s u c h  as  t i d a l  c u r r e n t s ,  w in d - d r iv e n  d o w n w e llin g  and 
u p w e l l in g  (N ie d o ra  e t  a l . ,  1 9 8 4 , W rig h t e t  a l . ,  1 9 8 6 ), lo w e r  
f r e q u e n c y  f lo w s o f  a m p litu d e  m o d u la te d  w aves ( S h i  and L a r s e n ,  1 9 8 4 ), 
a n d  g r a v i t y - d r i v e n  m o tio n  (Seym our, 1 9 8 6 ). I  p o s e  an  a  p r i o r i  
a s s u m p tio n  t h a t  w aves accom pany c u r r e n t s  o v e r  a n  in n e r  c o n t i n e n t a l  
s h e l f  r e g a r d l e s s  o f  th e  s o u rc e s  o f  th e  f o r c i n g s .  The s e d im e n t  s i z e  
d i s t r i b u t i o n  o v e r  t h e  in n e r  s h e l f  o f  th e  M id d le  A t l a n t i c  B ig h t  i s  
som ew hat s im p le  w i t h  w e l l - s o r t e d  f i n e  san d  (D ~  0 .1  mm) t o  c o a r s e3
s i l t  s i z e d  s e d im e n ts .
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The s tu d y  o f  o n - o f f s h o r e  s e d im e n t  t r a n s p o r t  o v e r  in n e r  
c o n t i n e n t a l  s h e lv e s  h a s  been  l i m i t e d  b e c a u se  o f  t h e  am ount an d  th e  
q u a l i t y  o f  th e  d a t a  a v a i l a b l e .  T h e re  have  b e e n  a  few  a t te m p ts  t o  
s o lv e  t h i s  p rob lem  ( e . g .  N ied o ra  e t  a l . ,  1984; S w if t  e t  a l . ,  1 9 8 5 ) . 
D u rin g  Septem ber a n d  O c to b e r, 1989 , a  m u l t i - i n s t i t u t i o n a l  n e a r s h o r e  
p r o c e s s e s  e x p e r im e n t (D u c k '85) was c o n d u c te d  a t  t h e  U.S.  Army 
E n g in e e r  W aterw ays E x p e rim en t S t a t i o n  C o a s ta l  E n g in e e r in g  R e s e a rc h  
C e n t e r 's  F i e ld  R e s e a rc h  F a c i l i t y  i n  Duck, N o rth  C a r o l in a  ( F ig u r e  1) . 
N ason e t  a l .  (1987) d e s c r ib e d  th e  o v e rv ie w  o f  t h e  D u c k '85 
e x p e r im e n t .  V i r g i n i a  I n s t i t u t e  o f  M arine  S c ie n c e  p a r t i c i p a t e d  b y  
d e p lo y in g  a t r i p o d  e q u ip p e d  w ith  a  M arsh-M cB irney e le c t r o - m a g n e t i c  
c u r r e n t  m e te r , a  p r e s s u r e  s e n s o r ,  an d  a  v e r t i c a l  a r r a y  o f  o p t i c a l  
b a c k - s c a t t e r i n g  s e n s o r 's  (O BS's) on th e  b o tto m  i n  a  w a te r  d e p th  o f  
a b o u t  8  m (W righ t e t  a l . ,  1 9 8 6 ). The d a ta  s e t  r e p r e s e n t s  b o th  f a i r  
w e a th e r  and  s to rm  c o n d i t io n s .  I t  i s  b e l i e v e d  t h a t  th e  d a ta  s e t  n o t  
o n ly  p r o v id e s  in f o r m a t io n  on se d im e n t t r a n s p o r t  p r o c e s s e s  b u t  a l s o  
e n a b le s  u s  to  deduce  th e  b a s ic  p h y s ic s  in v o lv e d .
The su sp en d ed  s e d im e n t c o n c e n t r a t io n  a t  a  d i s t a n c e  from  th e  b e d  
i s  t h e  co n seq u en ce  o f  th e  a g i t a t i o n  o f  b ed  m a t e r i a l s  by  flow  
s t r e s s e s  o v e r  th e  b e d  and  th e  s u b s e q u e n t  d i f f u s i o n  o f  th e  s e d im e n ts  
by  tu r b u le n c e .  The m agn itude  o f  a g i t a t i o n  i s  b e s t  d e s c r ib e d  b y  th e  
s h e a r  s t r e s s e s  e x e r t e d  on th e  b ed  b y  f lo w s . T h u s , th e  bed  s h e a r  
s t r e s s  m u st be th e  f i r s t  v a r i a b l e  to  be  d e te rm in e d . The s h e a r  
s t r e s s  i s  u se d  to  e s t im a te  f lo w  s t r u c t u r e .  The n e x t  im p o r ta n t  
v a r i a b l e  i s  th e  c o n c e n t r a t io n  o f  su sp en d e d  s e d im e n ts .  W ith known 
v e l o c i t y  and  c o n c e n t r a t io n  p r o f i l e s ,  th e  t h i r d  im p o r ta n t  q u a n t i t y ,  
th e  d i r e c t i o n  and th e  m agnitude  o f  t r a n s p o r t ,  i s  d e te rm in e d .
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A b e n th i c  b o u n d a ry  l a y e r  c o m p rise s  th e  f i r s t  p l a c e  w here 
t r a n s f e r s  o f  m ass, momentum, and  e n e rg y  b e tw e en  f l u i d  p a r c e l s  an d  
s e d im e n t p a r t i c l e s  a r e  a c t i v e .  Thus t h e  u n d e r s ta n d in g  o f  th e  
dynam ics o f  a  b e n th i c  b o u n d a ry  l a y e r  i s  p r e r e q u i s i t e  to  any  m odel o f  
se d im e n t t r a n s p o r t .  R e c e n t advancem en t i n  th e  s tu d y  o f  m arin e  
b e n th ic  b o u n d a ry  l a y e r s ,  how ever, s t i l l  d o e s  n o t  g iv e  o p t i m i s t i c  
p r o g n o s is  i n  th e  s e d im e n t t r a n s p o r t  ( e . g .  G lenn , 1 9 8 3 ) . T h is  i s  
m a in ly  due to  th e  r e l a t i v e l y  p o o r  a b i l i t y  to  d e f in e  im p o r ta n t  
p a ra m e te rs  i n  th e  s e d im e n t d i f f u s i o n  p r o c e s s  su ch  a s  r e f e r e n c e  
c o n c e n t r a t io n ,  d i f f u s i o n  c o e f f i c i e n t ,  an d  g ra d in g  e f f e c t s  ( e . g .  
N ie ls e n ,  1979; S h i ,  1 9 8 3 ). T here  i s  no b e s t  way to  r e v e a l  a l l  th e  
a b o v e -m en tio n ed  p a ra m e te r s .  We need  to  s t a r t  w i th  an  u n d e r s ta n d in g  
o f  th e  p h y s ic s  in v o lv e d  and  th e n  e s t im a te  th e  p a ra m e te r s  r e s p o n s ib le  
f o r  th e  a g i t a t i o n  o f  b ed  m a t e r i a l s  and  th e  d i f f u s i o n  an d  a d v e c t io n  
o f  su sp e n d e d  s e d im e n ts .
F or th e  e s t im a t io n  o f  su sp en d e d  s e d im e n t  c o n c e n t r a t io n  p r o f i l e s ,  
d i f f u s i v i t y  and  r e f e r e n c e  c o n c e n t r a t io n  s h o u ld  be known. The 
d i f f u s i o n  o f  se d im e n t p a r t i c l e s  do es  n o t  confo rm  w i th  th e  d i f f u s i o n  
o f  f lo w  momentum ( e . g .  D obb ins , 1 9 4 3 ). Even w ith  th e  n e g le c te d  
i n e r t i a  o f  se d im e n t p a r t i c l e  m o tio n , th e  c o m p l ic a t io n s  come from  th e  
wave a d v e c t io n  and  th e  b u r s t  o f  v o r te x  d e v e lo p e d  d u r in g  o s c i l l a t i o n  
o f  f lo w . Away from  th e  b o tto m , th e  r o l e  o f  wave a d v e c t io n  
i n c r e a s e s .  Wang and  L ian g  (1975) e l a b o r a t e  on t h i s  p ro b le m  and 
im posed a  c o n s ta n t  l e n g th  s c a l e .  Kennedy and  L o ch er (1972) s o lv e  
f o r  th e  e x tre m e  c a s e s  o f  n e a r  b o tto m  a n d  f a r  away from  b o tto m  and  
g iv e  q u a l i t a t i v e  d e s c r i p t i o n  o f  th e  d i f f u s i o n .  When bed fo rm s e x i s t ,  
th e  d e v e lo p e d  v o r te x  c o n ta in s  s e d im e n ts  and  b u r s t s  i n t o  th e  f lo w
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w ith  th e  f lo w  r e v e r s a l s  ( N ie l s e n ,  1 9 7 9 ). C o r r e l a t i o n s  b e tw e e n  
b o tto m  s h e a r  s t r e s s e s  and  c o n c e n t r a t io n s  a r e  i n v e s t i g a t e d  to  r e l a t e  
th e  s e d im e n t d i f f u s io n  b y  tu rb u le n c e  t o  f lo w  momentum d i f f u s i o n .  As 
th e  b o tto m  s h e a r  s t r e s s  i n c r e a s e s ,  th e  n e a r -b o tto m  su s p e n d e d  
se d im e n t c o n c e n t r a t io n  i n c r e a s e s ,  r e s u l t i n g  i n  th e  dam pen ing  o f  
tu r b u le n c e  ( e . g .  Y a l in ,  1 9 7 7 ) . To em brace  t h i s  e f f e c t ,  t h e  v e l o c i t y  
s c a l e  i s  m o d if ie d . S im p le  l i n e a r  c o u p l in g  o f  a  v e l o c i t y  s c a l e  o n to  
th e  tu r b u le n c e  v e lo c i ty  s c a l e  i s  assum ed . The m o d ify in g  v e l o c i t y  
s c a l e  i s  s e t  to  be c a l c u l a t e d  from  th e  su sp e n d e d  se d im e n t 
c o n c e n t r a t io n  m easurem ents f o r  v a ry in g  e n e rg y  c o n d i t io n s .
The c a l c u l a t i o n  o f  r e f e r e n c e  c o n c e n t r a t io n  s t a r t s  w i t h  th e  
d e f i n i t i o n  o f  th e  r e f e r e n c e  h e ig h t  and  t h e  c o n c e n t r a t io n .  B ecause 
th e  m echanism s in v o lv e d  i n  th e  b e d lo a d  a n d  su sp en d ed  l o a d  t r a n s p o r t  
a r e  t o t a l l y  d i f f e r e n t ,  th e  r e f e r e n c e  h e i g h t  sh o u ld  b e  s c a l e d  w ith  
th e  b e d lo a d  l a y e r  t h ic k n e s s .  A f te r  d e f i n i n g  th e  r e f e r e n c e  h e ig h t ,  
we n e e d  t o  d e te rm in e  th e  r e f e r e n c e  c o n c e n t r a t io n .  One a p p ro a c h  i s  
to  r e l a t e  th e  c o n c e n t r a t io n  to  th e  e x c e s s  s h e a r  s t r e s s  ( e . g .  Sm ith  
and  McLean, 1 9 7 7 ). The p r o p o r t i o n a l i t y  v a r i e s  w ith  t h e  p h y s ic a l  
p r o p e r t i e s  o f  bo ttom  s e d im e n ts  ( e . g .  D rake  and  C a c c h io n e , 1 9 8 5 ).
The v a r i a t i o n  o f  th e  p r o p o r t i o n a l i t y  b e tw e e n  h ig h  and  low  e n e rg y  
c o n d i t io n s  i s  i n v e s t i g a t e d  by  u s in g  d i f f e r e n t  f o r m u la t io n s  on th e  
r e f e r e n c e  c o n c e n t r a t io n .
The m odel g iv e s  th e  t r a n s p o r t  r a t e  a s  th e  v e r t i c a l  i n t e g r a t i o n  
o f  th e  p r o d u c t  o f  th e  mean c r o s s - s h o r e  c u r r e n t  and th e  m ean 
c o n c e n t r a t io n .  To i n v e s t i g a t e  th e  r o l e  o f  w aves f o r  t h e  n e t  
t r a n s p o r t  o f  s e d im e n ts , a n  e n e r g e t i c s  a p p ro a c h  i s  a p p l i e d  t o
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c a l c u l a t e  t h e  imm ersed w e ig h t  t r a n s p o r t  r a t e s  by  th e  c u r r e n t s , 
w aves, and  g r a v i ty - in d u c e d  t r a n s p o r t .  E n e r g e t i c s  a p p ro a c h e s  
c o n s id e r  t h e  a v a i l a b l e  f l u i d  pow er to  e n t r a i n  and  a d v e c t  s e d im e n ts  
v i a  e m p i r ic a l  e f f i c i e n c y  f a c t o r s  (B agnold , 1 9 6 3 ) . B ecause  
e n e r g e t i c s  m o d e ls  canno t r e s o l v e  th e  a c c e l e r a t i o n  o f  f lo w s , t h e  
c o r r e l a t i o n s  b e tw een  c r o s s - s h o r e  v e l o c i t i e s  an d  c o n c e n t r a t io n s  a re  
i n v e s t i g a t e d .
The o b j e c t i v e  o f  t h i s  s t u d y  i s  to  p r o v id e  an  o n - o f f s h o r e  
su sp en d ed  s e d im e n t  t r a n s p o r t  m odel fo r  a  w a v e - c u r r e n t  com b ined  
boundary  l a y e r  and  to  d i s t i n g u i s h  s to r m - r e l a t e d  h ig h  e n e rg y  p r o c e s s  
from  f a i r - w e a t h e r  low e n e rg y  p r o c e s s .  I n  C h a p te r  2, h y d ro d y n am ic  
v a r i a b l e s  a r e  c a lc u la t e d  f ro m  t h e  a n a ly s i s  o f  d a ta .  The v a r i a b l e s  
a r e  to  b e  t h e  in p u t  v a r i a b l e s  f o r  th e  b o u n d a ry  l a y e r  m odel d e v e lo p e d  
i n  C h a p te r  3 .  The tim e v a r i a t i o n s  o f  su s p e n d e d  se d im e n t 
c o n c e n t r a t io n  p r o f i l e s  a r e  a l s o  p r e s e n te d .  I n  C h ap te r 3 , a n  
o s c i l l a t o r y  b o u n d a ry  l a y e r  m o d el i s  d e v e lo p e d  to  t e s t  m odel 
s e n s i t i v i t y  t o  assum ed eddy v i s c o s i t y  d i s t r i b u t i o n s .  The r e s u l t s  
a r e  e x te n d e d  t o  b u i ld in g  a  s im p le  w a v e -c u r r e n t  b oundary  l a y e r  model 
i n  c a se  o f  s u b s t a n t i a l  mean f lo w  w ith  a  m onoch rom atic  w ave. I n  
C h ap te r 4 , a  m odel fo r  mean su sp e n d e d  s e d im e n t  c o n c e n t r a t io n  i s  
b u i l t  upon t h e  r e s u l t  from  t h e  w a v e -c u r re n t  com bined b o u n d a ry  la y e r  
m odel. F o cu s  i s  on th e  d i f f u s i o n  and th e  r e f e r e n c e  c o n c e n t r a t io n ,  
b y  u t i l i z i n g  su sp en d ed  s e d im e n t  c o n c e n t r a t io n  d a ta .  I n  C h a p te r  5, 
th e  c o n t r i b u t i o n s  o f  c u r r e n t s  a n d  waves to  t h e  n e t  t r a n s p o r t s  a r e  
s tu d ie d ,  b a s e d  on  an e n e r g e t i c s  m odel. The a p p l i c a b i l i t y  a n d  th e  
l i m i t  o f  t h e  e n e r g e t i c s  a p p ro a c h  i s  t e s t e d  b y  com paring  w i th  th e  
mean t r a n s p o r t  r a t e  c a l c u l a t e d  a s  th e  d e p th  i n t e g r a t i o n  o f  t h e
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p r o d u c t  o f  t h e  mean c o n c e n t r a t i o n  and th e  m ean c r o s s - s h o r e  v e l o c i t y .  
C h a p te r  6  su m m arizes  th e  s tu d y  and  draw s c o n c lu s i o n s .
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2 . DATA ACQUISITION AND ANALYSIS
2 .1  I n t r o d u c t i o n
D u rin g  th e  p e r io d  b e tw e e n  1 and  19 S e p tem b e r, 19 8 5 , VIMS 
c o l l e c t e d  d a t a  f o r  b o th  h y d rodynam ic  a n d  s e d im e n ta ry  v a r i a b l e s ,  
p a r t i c i p a t i n g  D u c k '85 e x p e r im e n t  ( F ig u r e  1 ) .  A t r i p o d ,  e q u ip p e d  
w i th  a  M arsh -M cB irney  e l e c t r o - m a g n e t i c  c u r r e n t  m e te r  (EMCM), a  
p r e s s u r e  g a u g e , and  a  v e r t i c a l  a r r a y  o f  OBS s e n s o r s ,  was d e p lo y e d  on 
th e  s h o re w a rd  edge o f  i n n e r  s h e l f  ( d e p th  «  8  m ). The f i r s t  w eek o f  
th e  d e p lo y m e n t was s u b j e c t  to  low  e n e rg y  c o n d i t i o n .  The re m a in in g  
p e r i o d  w as e x p o se d  t o  h ig h  e n e rg y  c o n d i t i o n s , in d u c e d  by  s t r o n g  
n o r t h e a s t e r l y  w ind .
Two s e p a r a t e  p o r t i o n s  o f  d a ta  from  th e  D u c k '85 e x p e r im e n t ,  
r e p r e s e n t i n g  b o th  f a i r  w e a th e r  and  o n s e t  o f  s to rm , a r e  p r o c e s s e d .  
H igh f re q u e n c y  sa m p lin g  o f  hydrodynam ic  v a r i a b l e s  a n d  su sp e n d e d  
s e d im e n t c o n c e n t r a t i o n s  e n a b le s  u s  t o  o b s e rv e  th e  s u sp e n d e d  s e d im e n t  
t r a n s p o r t  a c t i v i t y  and  th e  i n t e r a c t i o n s  among th e  h y d ro d y n am ic  
f o r c i n g s  i n  te rm s  o f  f r e q u e n c y . The d a ta  r e p r e s e n t i n g  f a i r  w e a th e r  
h a s  b e e n  p r o c e s s e d  a n d  r e p o r t e d  by  G reen  a t  a l .  ( 1 9 8 9 ) .  I n  t h i s  
c h a p te r ,  m ore em p h asis  i s  g iv e n  to  t h e  c o m p a r iso n  o f  h ig h  e n e rg y  
p r o c e s s e s  t o  th e  low  e n e rg y  p r o c e s s e s .
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F ig u re  1 L o c a tio n  map. The s tu d y  a r e a  i s  th e  s h o r e f a c e  f r o n t i n g  
th e  F i e ld  R e se a rc h  F a c i l i t y  (FRF) o f  U .S . Army C orps o f  
E n g in e e r in g  a t  Duck on th e  O u te r  Banks o f  N o rth  C a r o l in a  
i n  th e  s o u th e r n  M id - A tla n t ic  B ig h t.
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2 .2  H ydrodynam ic  v a r i a b l e s
I n  o r d e r  t o  com pare t h e  s to rm  e v e n t  an d  th e  f a i r  w e a th e r  
c o n d i t i o n ,  1 1  c o n s e c u t iv e  b u r s t s  w ere  s e l e c t e d  f o r  e a c h  c a s e s  to  
sam ple p r e s s u r e ,  v e l o c i t i e s ,  and s u s p e n d e d  s e d im e n t c o n c e n t r a t i o n s .  
Each b u r s t  i s  c o m p rise d  o f  2048 sa m p le s  w i th  th e  s a m p lin g  r a t e  o f  1 
Hz. The b u r s t  i n t e r v a l  i s  4  h o u r s ,  s o  t h a t  each  p o r t i o n  o f  s e l e c t e d  
d a ta  s e t  c o v e r s  a p p ro x im a te ly  a  2 -d a y  p e r i o d .
The p r e s s u r e  s e n s o r  w as s e t  a t  t h e  h e ig h t  o f  1 1 9 .5  cm above t h e  
b o tto m . T he r e a d in g  o f  p r e s s u r e  s e n s o r  i s  in  th e  u n i t  o f  m i l l i b a r .  
The r e a d in g  i s  c o n v e r te d  i n t o  m e te rs  b y  th e  f o l lo w in g  f o r m u la t io n :
Pr e a d (mb) '  Pa tmP (m) -  r e a d _________ ^  ( 2 .1 )
P $
H ere , th e  P i s  th e  c o n v e r te d  p r e s s u r e  i n  m, Prea (j i s  t h e  p r e s s u r e  
r e c o r d  i n  m b a r. Patm  i s  t h e  a tm o s p h e r ic  p r e s s u r e  a n d  s e t  to  1013
3
m bar. p i s  t h e  d e n s i t y  (1 0 2 6 .9 7  Kg/m ) and  g i s  t h e  g r a v i t a t i o n a l
2
a c c e l e r a t i o n  (9 .8 1  m /s e c  ) .  The w a te r  d e p th ,  h ,  i s  a p p ro x im a te d  b y  
th e  u se  o f  m ean p r e s s u r e ,  P .
h  m P +  1 .1 9 5  ( 2 .2 )
To w ork  w i th  e l e v a t i o n  i n s t e a d  o f  p r e s s u r e ,  we u s e  t h e  s p e c t r a l  
r e l a t i o n s h i p s  b e tw e en  p r e s s u r e  and  e l e v a t i o n  form  l i n e a r  wave 
th e o r y .
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S „ ( f )  -  ( cosh  k h ) 2  S _ ( f )  ( 2 .3 )
^ cosh  kd  p
H e re , f  -  1 /T  i s  f re q u e n c y  i n  h e r t z  w here T i s  p e r i o d  i n  se co n d . 
S ^ ( f )  i s  s p e c t r a l  v a lu e s  o f  e l e v a t i o n ,  k  i s  wave num ber, an d  d i s  
th e  h e i g h t  o f  th e  p r e s s u r e  gauge from  th e  b o tto m  (1 1 9 .5  cm t h i s  
c a s e ) . F ig u re  2 show s th e  d e p th  a t t e n u a t i o n  e f f e c t  g iv e s  th e  b i a s  
i n  t h e  e s t im a t io n  o f  pow er sp e c tru m  f o r  h ig h  f re q u e n c y . We ch o se  
th e  f re q u e n c y  0 .3 3  Hz f o r  th e  u p p e r  l i m i t  o f  h e ig h t  s p e c tru m . The 
s p e c t r a l  r e l a t i o n s h i p  e n a b le s  u s  to  c a l c u l a t e  th e  s i g n i f i c a n t  wave 
h e i g h t .
\ o  - 4 <Jo'33 y f > df>1/2 <2 -4>
The s i g n i f i c a n t  w ave h e ig h t  becom es th e  e s t im a te  o f  th e  wave h e ig h t ,
H, i n  t h i s  s tu d y . The z e ro - u p c ro s s in g  p e r io d ,  T , an d  th ezp
i r r e g u l a r i t y ,  a r e  c a l c u l a t e d  from  th e  pow er s p e c t r a  o f  p r e s s u r e ,  
S p ( f ) (WHO, 1976).
(J^ 3 S ( f )  d f ) 1^
T -  P_______________  ( 2 .5 )zp
( J ° - 5  f 2  S ( f )  d f ) 1 / 2
2  ( / S ’ 5  f 2  S ( f )  d f ) 2
e p  -  1  ’  —  P __________________________________  ( 2 . 6 )
Jo sp(f) df So f‘ Vf) df
An EMCM s e n s o r  w as c a l i b r a t e d  b e f o r e  and  a f t e r  th e  d e p lo y m en t. 
F or t h e  c a l i b r a t i o n ,  s te a d y  c u r r e n t s  g e n e ra te d  i n  th e  f lu m e  w ith
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F ig u re  2 Power s p e c t r a  o f  p r e s s u r e  and  wave h e i g h t .  The s o l i d  l i n e  
r e p r e s e n t s  t h e  power sp e c tru m  o f  p r e s s u r e  s i g n a l .  The 
dashed  l i n e  i s  th e  s p e c tru m  o f  t ra n s fo r m e d  wave h e i g h t .
- 13 -
3
CO _£= 
CO c
<D —
u. <U 
C L I
-o
o
o
imr
J S M O d
Fr
eq
ue
nc
y 
(H
z)
a p p ro x im a te ly  2 m w id e  an d  10 m lo n g . The w a te r  d e p th  was a b o u t 1 
m. To m ake hom ogeneous f lo w , honeycomb - sh a p e d  f i l t e r s  w i th  
th ic k n e s s  o f  ab o u t 10 cm w ere  l o c a t e d  a t  th e  h e a d  o f  t h e  f lo w . To 
s u p p re s s  t h e  u n s te a d y  c u r r e n t ,  a  h e a v y  c an v as  w ith  1  m w id th  was 
lo c a te d  a f t e r  th e  f i l t e r s .  A ro d  w i th  v e r t i c a l  v an e  was f l o a t e d  
w ith  t h e  f lo w  and th e  t r a v e l i n g  d i s t a n c e  and  tim e  was m ea su red . The 
s e n s o r  w as f ix e d  a t  t h e  same l e v e l  a s  th e  v a n e . D iv id in g  th e  
d i s t a n c e  b y  tim e , v e l o c i t y  was c a l c u l a t e d .  The t r a v e l i n g  d i s t a n c e  
was a b o u t  2 m in  th e  m id  o f  th e  s tr e a m . The c u r r e n t s  m easu red  w ere  
found t o  b e h a v e  r e a s o n a b ly  w ith  an  rm s e r r o r  o f  a b o u t 2  c m /se c .
The EMCM se n so r  w as s e t  a t  20 cm above th e  b o tto m . The 
v e l o c i t i e s  a r e  o b ta in e d  to  a l i g n  w ith  r ig h t - h a n d  c o o r d i n a te ,  so  t h a t  
p o s i t i v e  u  i s  o f f s h o r e  ( E a s t )  and p o s i t i v e  v  i s  N o rth  bou n d .
M easured  v e l o c i t i e s  a r e  p ro c e s s e d  i n  th e  u n i t  o f  c m /s e c .
F ig u r e  3 shows th e  hyd rodynam ics f o r  th e  f a i r  w e a th e r  p o r t i o n :  
S u rfa c e  e l e v a t i o n s  f l u c t u a t e  w ith  t i d a l  f re q u e n c y . Wave h e ig h t  i s  
a s  low a s  40 cm. The m ean flo w  i s  v e r y  low  («  2 c m /s e c ) . R e f e r r in g  
th e  rms e r r o r  o f  2 c m /s e c ,  t h i s  s u g g e s t s  a lm o s t n e g l i g i b l e  c u r r e n t  
d u r in g  f a i r  w e a th e r .
Tow ard th e  o n s e t  o f  s to rm , th e  wave e n e rg y  i s  i n c r e a s e d  by an  
o rd e r  o f  m ag n itu d e  ( F ig u r e  4 ) .  The p e a k  f re q u e n c y  i s  s h i f t e d  to w ard  
h ig h  f r e q u e n c y  (from  0 .1  Hz to  0 .1 3  H z ). F ig u re  5 shows th e  
h y d ro d y n am ics  f o r  th e  s to rm  p o r t io n :  The s u r f a c e  e l e v a t i o n  s t i l l
shows t h e  t i d a l  f l u c t u a t i o n .  Wave h e ig h t  i s  in c r e a s e d  t o  150 cm 
a lm o s t by  a  f a c t o r  o f  f o u r .  S u b s t a n t i a l  s o u t h e a s t e r l y  mean
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F ig u re  3 H ydrodynam ic v a r i a b l e s ,  f a i r  w e a th e r  p o r t i o n ,  rj i s  th e
w a te r  s u r f a c e  e l e v a t i o n  i n  cm. H i s  th e  wave h e i g h t  i n  cm 
c a l c u l a t e d  by  e q u a tio n  ( 2 . 4 ) .  u  i s  th e  c r o s s - s h o r e  
v e l o c i t y  i n  cm /sec  i n  w h ich  p o s i t i v e  i s  o f f s h o r e  an d  
n e g a t iv e  i s  o n sh o re , v  i s  th e  a lo n g - s h o r e  v e l o c i t y  i n  
c ra /see  in  w h ich  p o s i t i v e  i s  n o r th -b o u n d  and  n e g a t i v e  i s  
so u th -b o u n d .
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F ig u re  4 A c o m p a riso n  o f  pow er s p e c t r a  b e tw een  f a i r  w e a th e r  and
s to rm . The s o l i d  l i n e  i s  th e  power s p e c tru m  o f  p r e s s u r e  
s i g n a l  o f  a  f a i r  w e a th e r  s a m p le . The d a s h e d  l i n e  i s  th e  
pow er sp e c tru m  o f  p r e s s u r e  s i g n a l  o f  a  s to rm  sam p le .
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F ig u re  5 H ydrodynam ic v a r i a b l e s ,  s to rm  p o r t i o n ,  rj i s  th e  w a te r  
s u r f a c e  e l e v a t i o n  in  cm. H i s  th e  wave h e ig h t  i n  cm 
c a l c u l a t e d  by  e q u a tio n  ( 2 . 4 ) .  u  i s  t h e  c r o s s - s h o r e  
v e l o c i t y  i n  cm /sec  i n  w h ich  p o s i t i v e  i s  o f f s h o r e  and  
n e g a t iv e  i s  o n s h o re , v  i s  th e  a lo n g - s h o r e  v e l o c i t y  i n  
c m /sec  i n  w h ich  p o s i t i v e  i s  n o r th -b o u n d  an d  n e g a t iv e  i s  
s o u th -b o u n d .
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c u r r e n t s ,  s e e m in g ly  r e l a t e d  to  th e  p r e v a i l i n g  n o r t h e a s t e r l y  w ind , 
w ere o b s e rv e d  ( f o r  exam p le , u -  1 0  cm /sec  a n d  v= - 2 0  c m /s e c ) .
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2 .3  A l ig n in g  d a ta  w i th  new c o o r d in a te  sy s te m
I n  o r d e r  to  u t i l i z e  th e  m odel d e v e lo p e d , we hav e  t o  r o t a t e  th e  
a x e s  t o  conform  w i th  t h e  x - a x i s  b e in g  in  th e  d i r e c t i o n  o f  wave 
p r o p a g a t io n .  The d i r e c t i o n  o f  wave p r o p a g a t io n  i s  s e t  a s  th e  
d i r e c t i o n  o f  maximum v a r ia n c e  i n  v e l o c i t y .
Suppose  we h av e  a  v e l o c i t y  v e c to r  (u ^ , v ^ )  i n  an  x -y  c o o r d i n a te .  
A f t e r  r o t a t i n g  th e  a x e s  by 8 i n  th e  c o u n te rc lo c k w is e  d i r e c t i o n ,  th e
9 9 9 9
v e c to r  becom es (u ^ , v ^ )  in  th e  new x  -y  c o o r d in a te  sy s te m  ( F ig u r e  
6 ) .  D e f in e  th e  i n t e r n a l  a n g le  and  th e  m ag n itu d e  o f  th e  v e l o c i t y  
v e c to r  i n  th e  o ld  c o o r d in a te  sy s te m .
- 1 ,a i  = t a n  (V j/  u ^
K l  -  <»* ♦  v ^ / 2
( 2 .7 )
( 2 . 8 )
-  2 2 D e fin e  t h e  a v e ra g e s  u  and  v , th e  v a r ia n c e s  s y  an d  s ^  , an d
c o v a r ia n c e  s uv> I n  t h e  new c o o r d in a te  sy s te m , th e  m ag n itu d e  o f  a
v e l o c i t y  v e c to r  |V ^ | rem a in s  same b u t  th e  i n t e r n a l  a n g le  becom es
S uppose  we have N - v e l o c i t y  v e c to r s  ( i —1 ,2 ,  . . . ,N) . T h en , we 
have  new s t a t i s t i c a l  p a ra m e te rs  i n  th e  new c o o r d i n a te  s y s te m : New
a v e ra g e s  a r e
• f
u  -  c o s  9 • u  + s i n  8 • v  ( 2 .9 )
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F ig u re  6  T ra n s fo rm a tio n  o f  c o o r d in a te s ,  ( x ' , y ' )  i s  th e
tra n s fo rm e d  c o o r d in a te  from  ( x ,y ) .  C o r re sp o n d in g  v e c t o r  
e x p r e s s io n  f o r  th e  v e l o c i t y  i s  ( u ,v )  and  ( u ' . v ' ) ,  
r e s p e c t i v e l y .  The t r a n s f o r m a t io n  i s  by  th e  a n g le  o f  6 in  
c o u n te r - c lo c k w is e  d i r e c t i o n .  The a n g le  a  i s  th e  i n t e r n a l  
a n g le  o f  v e c to r  ( u ,v ) .  T hus, th e  new i n t e r n a l  a n g le  o f  
v e c to r  ( u ' , v ' )  i s  a - 6.
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X
v  -  co s  0 • v  - s i n  0 • u (2 . 10)
New v a r i a n c e  o f  u^ becom es
s ^ , -  c o s ^ 0  • s ^  + s i n ^ 0  • s ^  + s in  20 • s uv ( 2 . 11)u
In  o r d e r  f o r  t h i s  new v a r i a n c e  to  be  t h e  maximum, th e  a n g le  o f  
r o t a t i o n  s h o u ld  be
Now, we h a v e  tra n s fo rm e d  th e  v e l o c i t y  v e c t o r  w hich  i s  a l i g n e d  w ith
th e  d i r e c t i o n  o f  wave p r o p a g a t io n .  The a n g le  i s  a g a in  g iv e n  in
d e g re e . A l l  th e  h y d rodynam ic  v a r i a b l e s  e s t im a te d  a r e  t a b u l a t e d  i n
T ab le  1 f o r  t h e  f a i r  w e a th e r  p o r t i o n  an d  i n  T ab le  2 f o r  th e  s to rm
p o r t io n ;  w a te r  d e p th  (h )  , w ave h e ig h t  (H) , c r o s s - s h o r e  v e l o c i t y
(u  ) ,  a lo n g - s h o r e  v e l o c i t y  ( v  ) ,  peak  p e r i o d  ( T ) , and  t h e  a n g le  o fc
wave p r o p a g a t io n  c o u n te r - c lo c k w is e  from  e a s t  ( 0 ) .
0 = iur + j t /4  - 0 / 2 ( 2 . 12 )
where
(2 .1 3 )
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T ab le 1 . In p u t data f o r  f a i r  w eath er  p o r t io n
Hour h
(cm)
u c
(c m /se c )
v c
(c m /se c )
H
(cm)
8
(d e g re e )
T
( s e c )
0 8 7 2 .6 5 -1 .2 8 -0 .0 4 4 1 .9 4 196 1 0 .0 8
4 9 3 3 .8 2 -1 .2 9 2 .0 4 4 0 .3 0 196 1 0 . 2 1
8 9 2 1 .6 4 0 .2 3 -0 .4 4 4 2 .9 4 198 1 0 .7 5
1 2 8 6 7 .1 7 -3 .0 0 -1 .7 6 36 .6 9 195 1 0 .5 4
16 9 0 5 .7 4 - 1 .3 0 -0 .5 2 2 8 .3 0 198 9 .9 1
2 0 9 1 0 .6 9 0 .7 1 -3 .1 0 3 0 .3 6 192 1 0 .6 3
24 8 6 8 .3 2 0 . 6 8 -0 .8 3 2 9 .7 2 194 10 .6 7
28 9 2 6 .5 5 0 .7 6 1 .7 8 3 1 .5 1 194 1 0 .9 1
32 9 4 3 .0 2 0 .8 2 - 2 . 2 0 2 8 .1 6 194 1 0 .7 2
36 8 7 3 .5 2 -1 .3 2 -2 .8 3 2 6 .5 0 191 1 0 .8 1
40 8 9 3 .7 8 -1 .1 6 - 1 . 8 6 2 3 .9 9 190 1 1 .0 9
* D -  0 .1  mms
* C u r re n t  v e l o c i t y ,  ( u , v  ) ,  i s  g iv e n  a t  th e  h e ig h t  , z  = 20 cm,c c
away from  th e  b o tto m .
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T a b le  2. In p u t d a ta  fo r  storm  w eath er  p o r t io n
H our h u c Vc H 9 T
(cm) (c m /se c ) (cm /se c ) (cm) (d e g re e ) ( s e c )
0 9 2 5 .9 9 9 .9 3 -1 6 .2 3 102 .2 8 225 6 .5 9
4 9 2 6 .2 0 5 .8 5 -10 .99 8 0 .2 8 219 6 .9 4
8 9 8 2 .8 6 6 .3 8 -1 1 .1 5 7 7 .1 3 219 6 .5 0
1 2 9 1 7 .4 4 6 .9 0 -1 3 .0 0 7 6 .0 7 2 1 0 7 .0 9
16 9 1 4 .9 0 4 .6 1 -5 .8 0 7 3 .6 3 2 1 0 6 .9 7
2 0 9 9 8 .8 1 3 .7 3 -7 .8 2 8 5 .9 8 2 0 1 8 .2 8
24 9 3 5 .0 6 5 .2 7 -1 1 .4 4 8 7 .7 0 203 8 .0 6
28 9 0 1 .2 5 4 .0 2 -7 .5 5 8 6 .2 4 205 7 .0 0
32 9 8 9 .8 3 6 .3 9 -1 4 .0 1 8 4 .2 6 209 6 .8 1
36 9 4 5 .1 2 1 5 .4 4 -3 1 .3 8 9 9 .4 1 223 6 .5 9
40 9 1 2 .4 5 10 .19 -2 1 .6 9 1 2 5 .1 1 217 6 .6 9
*  D -  0 .0 1  mms
*  C u rre n t  v e l o c i t y ,  (u c> v c ) , i s  g iv e n  a t  th e  h e i g h t  , z -  20 era, 
away from  th e  b o tto m .
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2 .4  C a l i b r a t i o n  o f  o p t i c a l  b a c k - s c a t t e r i n g  (OBS) s e n s o r s
B ottom  s e d im e n ts  from  th e  f i e l d  s i t e  (D uck, N o rth  C a r o l in a )  w ere  
u s e d  to  c a l i b r a t e  th e  OBS s e n s o r s .  F ig u re  7 i s  th e  s k e tc h  o f  th e  
s e t - u p :  The se d im e n ts  w ere p u t  i n t o  a  c y l i n d e r  o f  a b o u t 50 cm
d ia m e te r  and  30 cm d e e p . In  th e  c e n te r  o f  th e  c y l i n d e r ,  a n o th e r  
s m a l l  c y l i n d e r  o f  a b o u t 10 cm d ia m e te r  was s e t  a b o u t 3 cm from  th e  
b o tto m  o f  th e  b i g  c y l i n d e r .  To make th e  d i s t r i b u t i o n  o f  su sp e n d e d  
se d im e n ts  hom ogeneous, many s m a ll  h o le s  (d ia m e te r  = 1  cm) w ere  made 
i n  th e  s m a ll  c y l i n d e r .  Each s e n s o r  was p u t  i n to  th e  s m a ll  c y l i n d e r  
a b o u t  8  cm from  th e  b o tto m . A t th e  same h e ig h t  a s  th e  s e n s o r ,  a  
p ip e  w ith  1  cm d ia m e te r  was i n s e r t e d  to  c o l l e c t  su sp en d ed  s e d im e n ts .  
Two e l e c t r i c  d r i l l s  w i th  p r o p e l l e r s  w ere u s e d  t o  a g i t a t e  b o tto m  
s e d im e n ts .  The o u tp u t  v o l ta g e s  from  a  s e n s o r  w ere  m easu red . When 
th e  o u tp u t  v o l ta g e  i s  s t a b i l i z e d ,  th e  w a te r  sam p les  th ro u g h  th e  p ip e  
w ere  c o l l e c t e d  i n to  a  b o t t l e .
A f t e r  th e  m easurem ent o f  th e  o u tp u t  v o l t a g e s  and  th e  s a m p lin g  o f  
su sp e n d e d  s e d im e n ts , th e  amount o f  b o tto m  s e d im e n ts  was re d u c e d  by  
a lm o s t  a  h a l f .  The c a l i b r a t i o n  f o r  each  s e n s o r  was done o v e r  s e v e n  
d i f f e r e n t  su sp en d e d  se d im e n t c o n c e n t r a t io n s .  The w a te r  sa m p le s  w i th  
su sp e n d e d  s e d im e n ts  w ere f i l t e r e d  on p re -w e ig h e d  g l a s s f i b e r  f i l t e r s  
w i th  1 pm o f  p o re  s i z e s .  The s e d im e n ts  c o l l e c t e d  on th e  f i l t e r s  
w ere  d r i e d  i n  th e  oven w i th  350 °F  o f  te m p e ra tu re  and w e ig h ed . The 
d i f f e r e n c e  o f  th e  sam ple w e ig h t from  th e  f i l t e r  w e ig h t was d iv id e d  
b y  th e  volum e o f  th e  w a te r  sam ple to  g iv e  t h e  su sp en d e d  se d im e n t 
c o n c e n t r a t io n .  The c o n c e n t r a t io n s  v a ry  b e tw e e n  500 and 1 0 ,0 0 0  m g/1 . 
The c o r r e s p o n d in g  o u tp u t  v o l ta g e s  v a ry  b e tw e e n  0 .2  and  2 ,1  V o l t s .
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F ig u re  7 S e t-u p  o f  th e  c a l i b r a t i o n  o f  an  OBS s e n s o r .  Many s m a ll  
h o le s  o f  1  cm d ia m e te r  a r e  made on th e  s m a l l  c y l i n d e r  
i n s i d e  t h e  ta n k  to  make th e  d i s t r i b u t i o n  o f  su sp e n d e d  
s e d im e n ts  hom ogeneous i n  th e  ta n k .
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B e fo re  a n d  a f t e r  t h e  c a l i b r a t i o n ,  a l l  th e  s e n s o r s  w ere  p u t  i n t o  
w a te r  w i th o u t  s e d im e n ts  and  th e  o u tp u t  v o l t a g e s  w ere  m easu red  to  
a s s u r e  t h a t  no d r i f t  had  ta k e n  p l a c e .
R e g re s s io n  a n a ly s i s  was a p p l i e d :  The l i n e  f i t t i n g  th ro u g h  th e
o r i g i n  was a d o p te d  b e c a u se  th e  z e ro  V o l t  w i th  z e ro  c o n c e n t r a t i o n  was 
a p p l i e d .  F o r  th e  V o lts  o f  o u tp u t  . ^ i g n a l , t h e  c o r r e s p o n d in g  
c o n c e n t r a t i o n  Cc a ^ i s
Cc a l  "  ^ v e  + E r r  ( 2 *14)
A
H e re , 0  i s  th e  s lo p e  o f  th e  r e g r e s s i o n  l i n e  a n d  E r r  i s  th e  random
A
e r r o r ,  f o r  th e  e s t im a t io n  o f  0 ,  t h e r e  a r e  t h r e e  u n b ia s e d  e s t i m a t e s ,  
t h a t  i s ,  SVgCc a l /SVe  ■ ^ c a l ^ e  ’ and  S(Cc a l / Ve ) / n  w here  n i s  th e  
num ber o f  p o i n t s  u s e d  f o r  th e  l i n e  f i t t i n g ,  th e  p r e c i s i o n  o f  th e
e s t i m a t io n  depends on  th e  v a r i a n c e  o f  th e  random  e r r o r ,  E r r .  The
m o st p r e c i s e  e s t im a te  i s  th e  f i r s t ,  se co n d , o r  t h i r d  above d e p e n d in g
on  th e  v a r i a n c e  o f  E r r  i s  c o n s ta n t ,  p r o p o r t io n a l  to  V , o r  
2
p r o p o r t i o n a l  to  Vg (S n e d ec o r and  C och ran , 1 9 6 7 ) . F ig u re  8  i s  a  
sam p le  from  th e  c a l i b r a t i o n  and  shows t h a t  t h e  t h i r d  e s t i m a t io n  i s  
s u i t a b l e .  The e s t im a te  g iv e s  an  e r r o r  o f  ± 10 %.
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F ig u re  8 A sam p le  c a l i b r a t i o n  o f  an  OBS s e n s o r .  The p o i n t s  
r e p r e s e n t  m easu rem en ts . The s o l i d  l i n e  i s  t h e  r e g r e s s i o n  
l i n e .
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2 .5  S u sp en d ed  se d im e n t c o n c e n t r a t io n s
We u s e  t h e  r e a d in g s  o f  th e  o p t i c a l  b a c k - s c a t t e r i n g  s e n s o r s  s e t  
a t  1 5 , 35 , 6 5 , and 105 cm above b o tto m , r e s p e c t i v e l y .  The su sp e n d e d
3
s e d im e n t c o n c e n t r a t io n s  a r e  p r o c e s s e d  i n  th e  u n i t  o f  Kg/m . F ig u re  
9 show s th e  b u r s t  a v e ra g e d  c o n c e n t r a t io n  p r o f i l e  f o r  f a i r  w e a th e r  
p o r t i o n .  F ig u re  10 shows th e  pow er s p e c t r a  v a r i a t i o n s  f o r  t h e  same 
p o r t i o n .  C om paring F ig u re  9 ( su sp e n d e d  se d im e n t c o n c e n t r a t io n  
p r o f i l e s )  w i th  F ig u re  10 (pow er s p e c t r a ) , we ca n  s e e  t h a t  th e  
c o n c e n t r a t i o n  d i s t r i b u t i o n  i s  c l o s e l y  r e l a t e d  w i th  t h e  wave e n e rg y  
c h a n g e . F o r lo w ered  e n e rg y , th e  r e v e r s a l s  i n  th e  c o n c e n t r a t io n  
p r o f i l e  w ere o b s e rv e d . T h is  may be  r e l a t e d  w i th  th e  i n c r e a s e d  r o l e  
o f  a d v e c t io n  from  o t h e r  s o u rc e s  i n s t e a d  o f  th e  d i f f u s i o n  o f  b o tto m  
s e d im e n ts  u n d e r  f a i r  w e a th e r  c o n d i t io n .  T h is  w ould  d e c re a s e  th e  
im p o r ta n c e  o f  th e  f a i r  w e a th e r  d a ta  s e t .  The s to rm  d a ta  s e t ,  
h o w ev er, a lw a y s  shows th e  c o n v e n tio n a l  l o g - l o g  l i n e a r  r e l a t i o n s h i p s  
b e tw e e n  th e  c o n c e n t r a t io n  and th e  h e ig h t  from  th e  b o tto m  (F ig u re  
1 1 ) .  T h is  w e l l - b e h a v io r  o f  th e  s to rm  d a ta ,  o b ta in e d  a f t e r  th e  f a i r  
w e a th e r  d a ta  s e t ,  e x c lu d e s  th e  p o s s i b i l i t y  o f  th e  m a l f u n c t io n  o f  th e  
p a r t i c u l a r  s e n s o r  a t  th e  h e ig h t  65 cm from  th e  b o tto m . F ig u re  11 
(su s p e n d e d  s e d im e n t c o n c e n t r a t io n  p r o f i l e )  an d  F ig u re  12 (pow er 
s p e c t r a )  a l s o  show th e  c lo s e  r e l a t i o n s  f o r  th e  s to rm  p o r t i o n .  The 
c o n c e n t r a t io n  a t  th e  b o tto m  s e n s o r  f o r  s to rm  p o r t i o n  ( ~  2 Kg/m ) a r e  
an  o r d e r  h i g h e r  th a n  th e  c o n c e n t r a t io n  f o r  f a i r  w e a th e r  p o r t i o n  (=
0 .4  Kg/m3) .
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F ig u re  9 S uspended  s e d im e n t c o n c e n t r a t io n  p r o f i l e s , f a i r  w e a th e r  
p o r t i o n .
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F igu re  10 Power s p e c tr a  o f  p r e s su r e , f a i r  w eather p o r t io n .
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Figure 11 Suspended sed im en t c o n c e n tr a t io n  p r o f i l e s ,  storm  p o r t io n .
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F igu re  12 Power s p e c tr a  o f  p r e s su r e , storm  p o r t io n .
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3 . BOUNDARY LAYER MODEL
3 .1  I n t r o d u c t i o n
The e x i s t e n c e  o f  a  s o l i d  b e d , commonly c o m p rise d  o f  s e d im e n t 
p a r t i c l e s ,  im poses c o n s t r a i n t s  on  th e  f lo w  b e h a v io r  th ro u g h  th e  n o ­
s l i p  b o u n d a ry  c o n d i t io n s  a t  th e  s e d im e n t w a te r  i n t e r f a c e .  T u r b u le n t  
f lo w s  a r e  a s s o c i a t e d  w i th  m u l t ip l e  l e n g th  s c a l e s  su ch  a s  a  
v i s c o s i ty - d o m in a te d  c h a r a c t e r i s t i c  le n g th ,  a  c h a r a c t e r i s t i c  l e n g th  
o f  th e  ro u g h n e s s  e le m e n t , and th e  th ic k n e s s  o f  b o u n d a ry  l a y e r  ( e . g .  
T ennekes a n d  Lum ley, 1 9 7 2 ): N ear th e  b o u n d a ry , v i s c o s i t y  d i s s i p a t e s
momentum, s o  t h a t  th e  v i s c o s i t y  l e n g th  s c a l e  g o v e rn s  th e  f lo w  n e a r  
t h e  s o l i d  b o u n d a ry . F a r  away from  th e  b o tto m , v e l o c i t y  o f  th e  f lo w  
a p p ro a c h e s  t h e  f r e e  s tr e a m  v e l o c i t y ,  so  t h a t  th e  b o u n d a ry  l a y e r  
th ic k n e s s  i t s e l f  becom es th e  m ost s i g n i f i c a n t  l e n g th  s c a l e .  B etw een 
th e s e  two d i s t i n c t i v e  r e g io n s ,  t h e r e  e x i s t s  a  t r a n s i t i o n a l  l a y e r  i n  
w h ich  a lo g a r i th m ic  v e l o c i t y  p r o f i l e  i s  o b s e rv e d . I n  t h i s  i n e r t i a l  
s u b la y e r ,  t h e  dom inan t l e n g th  s c a l e  i s  th e  d i s t a n c e  from  th e  b e d .
The s t r u c t u r e  and th e  b e h a v io r  o f  a  s te a d y  t u r b u l e n t  b o u n d a ry  l a y e r  
i s  d e p ic te d  b y  C la u s e r  (1956) and  t h i s  becom es th e  b a s i s  f o r  th e  
f u r t h e r  i n v e s t i g a t i o n  o f  u n s te a d y  bo u n d ary  l a y e r  f lo w s .
An a n a lo g y  to  th e  s te a d y  b o u n d a ry  l a y e r  c a n  be  draw n f o r  a  wave 
b o u n d a ry  l a y e r .  The e f f o r t s  to  r e c o g n iz e  t h e  v e l o c i t y  d i s t r i b u t i o n  
a n d  to  e s t i m a t e  th e  b o tto m  s t r e s s e s  a re  r e l a t e d  to  v a r i a b l e  m o d e lin g  
schem es on e d d y  v i s c o s i t y .  J o n s s o n  (1963) assum ed a  c o n s ta n t  
s t r e s s  l o g a r i th m ic  f lo w  i n  a n a lo g y  to  a s te a d y  f lo w . He p ro p o s e d  a  
s e m i- e m p ir ic a l  m odel i n  w hich maximum bed s h e a r  s t r e s s  i s  r e l a t e d  to
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th e  s q u a re  o f  th e  maximum v e l o c i t y  o u t s id e  th e  b o u n d a ry  l a y e r  
th ro u g h  a  wave f r i c t i o n  f a c t o r .  The f r i c t i o n  f a c t o r  i s  s e t  to  be 
th e  f u n c t i o n  o f  r e l a t i v e  ro u g h n e s s  l e n g th  o n ly .  K a j iu r a  (1968) 
a p p e a r s  t o  be  th e  f i r s t  who a d o p te d  th e  s te a d y  b o u n d a ry  l a y e r  
s t r u c t u r e  o f  C la u s e r  (1956) t o  d e v e lo p  a  th e o r y  f o r  t u r b u l e n t  
o s c i l l a t o r y  b o u n d a ry  la y e r  f lo w s .  O th e r  l a b o r a to r y  i n v e s t i g a t i o n s  
h a v e  a l s o  c o n firm e d  th e  wave b o u n d a ry  l a y e r  s t r u c t u r e  a t  l e a s t  
q u a l i t a t i v e l y  ( e . g .  J o n s s o n , 1966 and 1980 , K a lk a n is ,  19 6 4 , H orikaw a 
and  W atanabe, 1968 , S le a th ,  19 7 0 , K am phuis, 1975, J o n s s o n  and  
C a r ls e n ,  1976, B ak k er and v a n  D oom , 1 9 7 8 ) . C o l l in s  (1 9 6 3 ) p ro v id e d  
an  i n s i g h t  o f  wave b o u n d a ry  l a y e r  s t r u c t u r e  i n  f i e l d .  H e re , we have  
to  n o t e  t h a t  a l l  t h e  s tu d i e s  m en tio n ed  a b o v e  a r e  f o r  t h e  c a s e  o f  
l a r g e  e x c u rs io n  a m p litu d e  com pared  to  th e  b e d  ro u g h n e s s  s c a l e .  The 
r e p r o d u c t io n  o f  a  n e a r - lo g a r i t h m ic  v e l o c i t y  p r o f i l e  i n  t h e  lo w er 
p o r t i o n  o f  th e  w ave bo u n d ary  l a y e r  h a s  b e e n  s u c c e s s f u l  u t i l i z i n g  a 
t im e - i n v a r i a n t  eddy  v i s c o s i t y  m odel ( e .g .  K a j iu r a ,  1 9 6 8 , G ra n t,
1977 , S m ith , 1977, J o n s s o n , 1980 , B re v ik , 1981 , Long, 1981 , and 
M yrhaug, 1982).
F o r  th e  c a se  o f  a  com bined w a v e -c u r r e n t  boundary  l a y e r ,  th e  
m o d e lin g  e f f o r t  becom es c o m p lic a te d  by th e  c o m p le x ity  o f  th e  
s t r u c t u r e  and  th e  l a c k  o f  th e  a v a i l a b i l i t y  o f  q u a l i t y  d a t a  f o r  
c a l i b r a t i o n .  In  t h i s  c o n te x t ,  i t  may be  s a f e  to  a d o p t a  l i n e a r  
c o u p l in g  o f  b o u n d a ry  l a y e r s  in d u c e d  by v a r i a b l e  f lo w s i n  te rm s  o f  
tim e  s c a l e  ( e .g .  G ra n t  and M adsen, 1 9 7 9 ). F o r  th e  f i r s t - o r d e r  
a p p ro x im a tio n , we assum e two d i f f e r e n t  t im e - s c a l e d  f lo w s ,  t h a t  i s ,  a  
s te a d y  c u r r e n t  an d  a n  u n s te a d y  o s c i l l a t o r y  f lo w  c a u se  tw o d i f f e r e n t  
b o u n d a ry  l a y e r s .  To p ro v id e  i n s i g h t  i n t o  t h e  c o u p lin g , we m ust
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f i r s t  t r y  to  m odel th e  t h in n e r  wave b o u n d a ry  l a y e r .  F o r  t h i s ,  f o u r  
d i f f e r e n t  s e t s  o f  eddy  v i s c o s i t y  f o rm u la t io n s  a r e  t e s t e d .  We a r e  
m a in ly  c o n c e rn e d  w ith  th e  b o u n d a ry  l a y e r  th ic k n e s s  a n d  th e  m ag n itu d e  
o f  b o tto m  s h e a r  s t r e s s .  The r e s u l t  o f  th e  n u m e r ic a l  e x p e r im e n t 
p r o v id e s  a  b a s i s  f o r  th e  f u r t h e r  a p p l i c a t i o n  o f  th e  t i m e - i n v a r i a n t  
eddy  v i s c o s i t y  m odel f o r  th e  com bined w a v e - c u r r e n t  b o u n d a ry  l a y e r  
f lo w . W hereas th e  o b ta in e d  b o tto m  s h e a r  s t r e s s  d e te rm in e s  th e  
s e d im e n t e n t r a in m e n t ,  th e  eddy v i s c o s i t y  c o n t r o l s  th e  d i f f u s i o n  o f  
b o th  momentum and  su sp en d ed  s e d im e n ts .
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3 .2  Wave b o u n d a ry  l a y e r  m odel
3 .2 .1  G o v ern in g  e q u a tio n s
Assume t h a t  h o r i z o n t a l  p r e s s u r e  g r a d i e n t  and b e d  f r i c t i o n  a r e  
t h e  o n ly  r e l e v a n t  d r iv in g  f o r c e s  f o r  a  wave b o u n d a ry  l a y e r .  Assume 
h o m o g en e ity  i n  t h e  y - d i r e c t i o n .  Then, th e  momentum e q u a t io n  becom es
3u - dp  „
_w - - i  _ +!_ (I) (3-D
3 t  p 3x 3z p
H ere  uw i s  p e r i o d i c  v e l o c i t y  i n  th e  x - d i r e c t i o n ,  pw i s  p e r i o d i c  
p r e s s u r e ,  and  r  i s  s h e a r  s t r e s s ,  p i s  t h e  d e n s i ty  o f  w a te r .  We s e t  
z -  z 0  a t  b o tto m  b o u n d a ry . C o n s id e r  t h a t  th e  s h e a r  becom es 
n e g l i g i b l e  f a r  away from  th e  b o tto m . T hen , th e  f r e e  s tr e a m  
c o n d i t io n  i s
3u  - 3pco 1 u
_  “  - _  _  ( 3 .2 )
3 t  p 3x
w h ere  u ^  i s  th e  f r e e  s tre a m  v e l o c i t y .  S u b s t i t u t i n g  e q u a t io n  ( 3 .2 )  
i n  e q u a t io n  ( 3 .1 ) ,  we g e t
— ( %  - u j  -  f _ ( l )  ( 3 .3 )
3 t  3z p
The s o l u t i o n  d ep en d s  on th e  s h e a r  r / p .  Decompose th e  v e l o c i t y  su c h  
t h a t  th e  a m p litu d e  i s  a  f u n c t io n  o f  z o n ly :
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uw( z , t )  -  (X (z )  + i -Y (z )}  e i u t ( 3 .4 )
2  * *7rH e re , u  -  ___  i s  r a d i a n  f re q u e n c y  w here  T i s  a  w ave p e r io d  a n d  i
T
1 . O nly  r e a l  p a r t  i s  c o n s id e r e d  a s  th e  s o l u t i o n  h e r e .
We im pose two b o u n d a ry  c o n d i t io n s :  A t th e  b o t to m , we im pose  th e
n o - s l i p  b o u n d a ry  c o n d i t io n .
Re-{uw( z 0 , t )  [■ = X (z0)* c o s  w t - Y (z0 ) » s i n  u t  -  0 ( 3 .5 )
T h u s , we h a v e
X (z0) -  Y (z 0 ) -  0 ( 3 . 6 )
F a r  away fro m  th e  b o tto m , th e  v e l o c i t y  i s  g iv e n  b y  l i n e a r  wave 
th e o r y  w h ich  in c o r p o r a te  t h e  n e g l i g i b l e  s h e a r .
uw(<=°,t) -  {X(<=°) + i*Y (» )}  e iw t -  uoo* e iwC ( 3 .7 )
T hus, we h a v e
X(-> “  ( 3 .8 )
Y(«>) -  0 ( 3 .9 )
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3 .2 .2  M odeling  o f  eddy v i s c o s i t y
Now, th e  n a tu r e  o f  s h e a r  s t r e s s  i s  i n v e s t i g a t e d .  A d o p tin g  an  
eddy  v i s c o s i t y  m odel ( e .g .  R o d i, 1 980 ), we assum e th e  s h e a r  s t r e s s  
i s  p r o p o r t i o n a l  to  th e  v e l o c i t y  g r a d ie n t :
cJu
(3 .1 0 )
P v  d z
The eddy v i s c o s i t y  s h o u ld  b e  m odeled i n  o rd e r  to  h a v e  th e  
s o l u t i o n  f o r  th e  g o v e rn in g  e q u a t io n .  C o n v e n t io n a l ly ,  i s  r e g a r d e d  
t o  c o n s i s t  o f  th e  c o m b in a tio n  o f  a  v e l o c i t y  s c a le  a n d  a  l e n g th  
s c a l e .  The v e l o c i t y  s c a l e  i s  a  f u n c t io n  o f  th e  b o tto m  f r i c t i o n  a s  
w e l l  a s  th e  l o c a t i o n  and  th e  wave f re q u e n c y . The s i z e  o f  eddy i s  
co m p a rab le  to  th e  d i s t a n c e  from  th e  b o tto m  and  c h o se n  t o  be  a  l e n g t h  
s c a l e .  I n  o r d e r  to  a p p ro x im a te  th e  eddy v i s c o s i t y ,  i t  i s  u s u a l ly  
assum ed t h a t
" t  -  ,,u*w,mz , f < z ' u* w ,m '" ) ( 3 - U >
w here  maximum wave f r i c t i o n  v e l o c i t y  u . ■. ( r .  a n d  r . i s3 *w,m v bw,nr bw,m
th e  maximum b o tto m  s h e a r  s t r e s s  e x e r te d  b y  a  wave. The v o n  Karman 
c o n s ta n t  k  i s  a p p ro x im a te d  by  0 .4 .  The l e n g th  s c a l e  i s  k z  and th e
A  A
v e l o c i t y  s c a l e  i s  u ^  ^ f .  The m o d if ic a t io n  f a c t o r  f  i s  a  f u n c t io n
9 A
o f  z ,  u ^  and  co. We p ic k e d  fo u r  d i f f e r e n t  f  v a lu e s  to  a p p ly  f o r  
th e  t i m e - i n v a r i a n t  eddy v i s c o s i t y  m odel.
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Assume th e  v e l o c i t y  s c a l e  i s  in d e p e n d e n t o f  th e  d i s t a n c e  from  
th e  b o tto m . T hen , we ca n  s e t
A
f  - 1 (3 .1 2 )
F o r t h i s  c a s e ,  S m ith  (1977) g iv e s  th e  e x a c t  s o l u t i o n  i n  te rm s  o f  
K e lv in  f u n c t i o n s .  From th e  s o lu t i o n ,  h e  d e p ic t e d  t h a t  t h e  s h e a r  i s  
a p p r e c ia b l e  o n ly  w i th in  a  c e r t a i n  l i m i t  fro m  th e  b o tto m . T h is  l i m i t  
i s  g iv e n  a s  th e  to p  o f  b o u n d a ry  l a y e r .
The d is a p p e a ra n c e  o f  s h e a r  abo v e  6 w le a d s  t o  th e  i n c o n s i s t e n c y  o f  
th e  a s su m p tio n  o f  a  c o n s ta n t  v e l o c i t y  s c a l e .  The d is a p p e a ra n c e  o f  
mean s h e a r  i n d i c a t e s  t h a t  th e  t u r b u le n t  k i n e t i c  e n e rg y  i s  b a la n c e d  
by  t u r b u l e n t  d i f f u s i o n .  B ecau se  th e  d i f f u s i o n  i s  c o n f in e d  o n ly  to  a 
r e g io n  n e a r  th e  b o tto m  b o u n d a ry , th e  t u r b u l e n t  k i n e t i c  e n e rg y  s h o u ld  
be  s m a l l  away from  th e  b o tto m . The c o n s ta n t  v e l o c i t y  s c a l e  
c o n f l i c t s  w ith  t h i s  p h y s ic a l  a rgum en t.
I n  o r d e r  t o  in c o r p o r a te  th e  p h y s ic s  o f  tu r b u le n c e ,  we c a n  assum e 
th e  v e l o c i t y  s c a l e  i s  m o d if ie d  b y  an  e x p o n e n t i a l l y  d e c a y in g  
f u n c t i o n .  Assume t h a t  v e l o c i t y  s c a le  becom es v e ry  s m a ll  a t  l a r g e  
d i s t a n c e  com pared t o  S and  a p p ro a c h e s  u n i t y  a t  sm a ll  d i s t a n c e  
com pared  to  S («  k  Sy ) .
(3 .1 3 )
( 3 .1 4 )
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F o llo w in g  B u s in g e r a n d  Arya (1 9 7 4 ) , Long (1 9 8 1 ) showed t h a t  f o r  
sm a ll z t h e  s h e a r  s t r e s s  i s  g iv en  b y
« - 15>
A 2
where h  -  /  (w u * ,)  (3 .1 6 )
Assuming a  lo g a r i th m ic  v e l o c i t y  p r o f i l e ,  th ey  fo u n d
" t  "  KZU* w , n a  '  (3 - 17)
To ap p ly  t h i s  r e s u l t  to  t h e  whole b o u n d a ry  l a y e r ,  we have
A  A
f  -  exp ( - z / h )  (3 .1 8 )
For s m a l l  z ,  t u r b u l e n t  k i n e t i c  e n e r g y  p r o d u c t io n  b a la n c e s  th e  
v isc o u s  d i s s i p a t i o n .
r  ^  -  p*e  (3 .1 9 )
dz
where e i s  v is c o u s  d i s s i p a t i o n .  From d im e n s io n a l a n a l y s i s ,  one c a n  
f in d
« -  ( r / p ) 3 / 2 / ( K Z ) (3 .2 0 )
Com bining e q u a t io n s  ( 3 .1 9 )  and ( 3 .2 0 ) ,  we have
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_ ( r / p ) 1 /2
9z KZ
(3 .2 1 )
S in c e  T_  -  v  ^  , we h av e
p d z
t / P  _  ( r / p ) 1 / 2
j / t  K Z
(3 .2 2 )
R e a r ra n g e , th e n
" t  ‘  “ z u * » , m ( 1  ’  z ^ ) 1 / 2  < 3 ' 2 3 >
To a p p ly  t h i s  to  th e  w hole b o u n d a ry  l a y e r ,  we have
A A
f  -  exp ( - z /2 h )  (3 .2 4 )
3 .2 .3 .  S o lu t io n  and  t e s t
R e tu rn in g  to  th e  g o v e rn in g  e q u a t io n ,  th e  s im p le  eddy  v i s c o s i t y
m odel g iv e s
j t (u»  - %  ( 3 -25>
u s in g  e q u a t io n  ( 3 .5 ) ,  we have
-Y + i* (X  - u j  -  *w,m ^ _ ( z f ( f  + i - ^ ) )
w dz dz dz
(3 .2 6 )
41
In tro d u c e  d im e n s io n le s s  v a r i a b l e s .
*  X -
X -  _____   (3 .2 7 )
uco
Y* -  Y (3 .2 8 )
u«
Z* -  g (3 .2 9 )
*w, mf
The e q u a tio n  ( 3 .2 6 )  becomes
-Y* + i-X *  -  (Z * f < ^ _  ♦  I ’ f L )  (3 .3 0 )
dZ* <1Z* dZ*
Com paring th e  a rg u m en ts  f o r  com plex v a r i a b l e s ,  we have
-Y* -  ) (3 .3 1 )
dZ* dZ*
X* -  d ( Z * f - dY ) (3 .3 2 )
dZ* dZ*
The bo u n d ary  c o n d i t io n s  become
X *(zJ) -  - 1  (3 .3 3 )
Y*(Zq) -  0 (3 .3 4 )
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X * ( c o )  -  o (3 .3 5 )
Y *(») -  0 (3 .3 6 )
L e t
XI -  X* (3 .3 7 )
X2 -  Y* (3 .3 8 )
X3 -  (3 .3 9 )
dZ*
dY*X4 -  _  (3 .4 0 )
dZ*
Then th e  e q u a t io n s  (3 .3 1 )  and  (3 .3 2 )  becom e a  s e t  o f  f o u r  
s im u l ta n e o u s  f i r s t  o r d e r  o r d in a r y  d i f f e r e n t i a l  e q u a t io n s .
X l ' -  X3 (3 .4 1 )
X2* -  X4 (3 .4 2 )
A t
X3' -  - 1  »X2 - ( 1  + f )-X 3 (3 .4 3 )
*  77
Z f  Z f
$
A t
X4 -  _]_*X 1 - (^_  + f )*X4 (3 .4 4 )
Z * f Z* f
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The b o u n d a ry  c o n d i t io n s  become
X I(Z *) -  -1 (3 .4 5 )
X2(Z*) -  0 (3 .4 6 )
XI (<°) -  0 (3 .4 7 )
X 2(«) -  0 (3 .4 8 )
Now, we h a v e  a  two p o i n t  boundary  v a lu e  p ro b lem . I n  t h i s  
p ro b le m , th e  b o u n d a ry  c o n d i t io n s  a t  th e  s t a r t i n g  p o i n t  do n o t  
d e te rm in e  a  u n iq u e  s o l u t i o n  t o  s t a r t  w i th ,  w h ile  i n  i n i t i a l  v a lu e  
p ro b lem  we a r e  a b le  to  s t a r t  an  a c c e p ta b le  s o lu t i o n  a t  i t s  i n i t i a l  
v a lu e s  and  j u s t  m arch i t  a lo n g  by n u m e r ic a l  i n t e g r a t i o n  t o  f i n a l  
v a lu e s .  T h e re  a r e  two d i s t i n c t  c l a s s e s  o f  n u m e r ic a l  m ethods f o r  
s o lv in g  two p o i n t  b o u n d a ry  v a lu e  p ro b le m s; s h o o tin g  m eth o d  and 
r e l a x a t i o n  m ethod ( P re s s  e t  a l . , 1 9 8 6 ). We a d o p t a  v a r i a t i o n  o f  th e  
s h o o t in g  m eth o d s , m u l t ip le  s h o o t in g ,  b e c a u s e  f i n i t e  d i f f e r e n c e  
m ethods f o r  r e l a x a t i o n  seem to  be more c o m p lic a te d  and  e x p e n s iv e .
The maximum f r i c t i o n  v e l o c i t y  can  be c a l c u l a t e d  by i t e r a t i o n  
p r o c e d u r e s .
u (3 .4 9 )
The v e l o c i t y  d i s t r i b u t i o n  i s  g iv e n  by
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u (Z  * -  {X1(Z*) + 1} cos u t  - X2(Z*) s i n  u t  (3 .5 0 )
u
00
The s h e a r  s t r e s s  i s  c a l c u l a t e d  by
^ /S
t ( -Z -  Z * f(Z * ) (X3(Z*) c o s  w t  - X4(Z*) s i n  w t) (3 .5 1 )
K U  U .«  *w,m
F or th e  t e s t ,  we u se  t h e  same d a ta  s e t  u s e d  by Sm ith  (1 9 7 7 ) ;
F re e  s tre a m  v e l o c i t y ,  um“  1 m /s e c  and p e r io d  o f  T = 10 s e c .  The
b o tto m  ro u g h n e s s  Zq » lO ^ m . T a b le  3 su m m arizes  th e  c a l c u l a t e d
maximum f r i c t i o n  v e l o c i t i e s  u .  f o r  th e  d i f f e r e n t  eddy v i s c o s i t y*w, m J J
f o r m u la t io n s .  We see  t h a t  th e  v a r i a t i o n s  i n  ed d y  v i s c o s i t y  o u t s i d e  
t h e  wave b o u n d a ry  la y e r  d o e s  n o t  a f f e c t  much th e  bo ttom  s h e a r  s t r e s s  
w h ich  i s  d i r e c t l y  r e s p o n s ib le  t o  th e  c a l c u l a t i o n  o f  s e d im e n t
A
c o n c e n t r a t i o n s .  Thus, we may u s e  th e  s im p l e s t  a s su m p tio n  o f  f  -  1, 
t h a t  i s  t im e  an d  space  i n v a r i a n t  v e lo c i ty  s c a l e  i n  th e  a p p l i c a t i o n  
to  s e d im e n t t r a n s p o r t  u n d e r  t h e  in f lu e n c e  o f  w aves.
A
F ig u re  13 shows t h a t  t h e  v e l o c i t y  s h e a r  f o r  f  -  1 i s  a p p r e c ia b l e  
o n ly  w i th in  a  s h o r t  d i s t a n c e  fro m  b o tto m . T h is  h e ig h t  i s  d e f in e d  a s  
t h e  to p  o f  th e  wave bo u n d ary  l a y e r  and a p p ro x im a te d  by  5 . From 
t h i s  r e s u l t ,  we a r e  c o n f id e n t  t h a t  th e  o s c i l l a t i n g  flo w  d o e s  n o t  
a f f e c t  much th e  d i s t r i b u t i o n  o f  tu r b u le n t  k i n e t i c  en erg y  a b o v e  th e  
wave b o u n d a ry  l a y e r .  Thus, we c a n  im pose a  s im p le  model t h a t  th e  
t h i n  wave b o u n d a ry  la y e r  O(cm )) i s  n e s t e d  in s id e  th e  c u r r e n t
b o u n d a ry  l a y e r  (&c ~ 0 (m )).
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T a b le  3 . M o d if ic a t io n  f a c t o r s  and  th e  maximum f r i c t i o n  v e l o c i t y
u*w,m<cm/ s e c )
5 .01
4 .9 6
4 .4 1
4 .7 4
e x p ( -  _____)
K S
W
e x p ( -  )
e x p ( -  _ ^ )  
2h
u.
h  - *w,m
u.*w,m
w
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AF ig u re  13 Wave b o u n d a ry  l a y e r  m odel ru n  f o r  f  = 1 . I n p u t  v a r i a b l e s  
a r e  ua  -  1 m /s e c ,  T -  10 s e c ,  and  Zq — 10 ^m (S m ith , 
1 977 ).
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3 .3 .  Wave c u r r e n t  b o u n d a ry  l a y e r  model
3 .3 .1  G o v ern in g  e q u a tio n s
M odels o f  th e  com bined b o u n d a ry  l a y e r  h av e  been  b u i l t  upon o u r  
know ledge o f  th e  two d i f f e r e n t  i n d iv i d u a l  f lo w  c o m p o n e n ts , t h a t  i s , 
c u r r e n t s  an d  w aves. By a n a lo g y  to  th e  s t e a d y  b o u n d a ry  l a y e r ,  we 
r e l a t e  th e  v e l o c i t y  s c a l e  to  th e  t o t a l  s h e a r  s t r e s s  w h ic h  r e s u l t s  
fro m  th e  c o u p lin g  o f  s h e a r  s t r e s s e s  e x e r t e d  by  mean f lo w  and  wave 
o r b i t a l  m o tio n .
r „  -  r  + t ( 3 .5 2 )cw c w.m '
H e re , r  i s  th e  s h e a r  s t r e s s  o f  th e  c u r r e n t  and r  i s  th e  maximum c w,m
s h e a r  s t r e s s  e x e r t e d  by th e  w ave.
The n u m e r ic a l  e x p e r im e n ts  o f  th e  p r e v io u s  s e c t i o n  a l s o  d e p ic t  
t h a t  th e  s h e a r  r e l a t e d  to  o s c i l l a t o r y  m o tio n  i s  r e l e v a n t  o n ly  w i t h in  
a  wave b o u n d a ry  l a y e r  t h i c k n e s s .  B ecause  t h e  t h ic k n e s s  i s  v e ry  
s m a l l  com pared t o  th e  c u r r e n t  boundary  l a y e r  th ic k n e s s  (^ w«  ^c ) , we 
c a n  sa y  th e  t o t a l  s h e a r  s t r e s s  h as  th e  c o n t r i b u t i o n  o n ly  from  th e  
c u r r e n t  away from  th e  b o tto m  ( r  «  r  a s  z > S ) .  T h is  e n a b le s  u s
Cw C W
t o  b u i l d  a  tw o - la y e r  t im e - i n v a r i a n t  eddy v i s c o s i t y  m odel o f  b o u n d a ry  
l a y e r  (G ran t an d  M adsen, 1979) (F ig u re  1 4 ) .  We a d o p t t h e  model 
u t i l i z i n g  two d i f f e r e n t  v e l o c i t y  s c a l e s .
u t  -  /c*uA*z (3 .5 3 )
- 48 -
F ig u re  14 D e f in i t i o n  s k e tc h  f o r  com bined  b o u n d a ry  l a y e r  (G ra n t an d
M adsen, 1 9 7 9 ). H e re , r cw i s  th e  s h e a r  s t r e s s  in d u c e d  by  th e
com bined  e f f e c t  o f  wave and  c u r r e n t ,  r  i s  th e  s h e a r  s t r e s s  in d u c e dc
s o l e l y  b y  c u r r e n t .  5^ and  6cw r e p r e s e n t  th e  th ic k n e s s  o f  c u r r e n t  
b o u n d a ry  l a y e r  and  th e  com bined b o u n d a ry  l a y e r ,  r e s p e c t i v e l y .
- 49 -
cw
w here
u * “  u* i  f o r  z  *  Sw <3 - 54>
u * 2  f o r  5W ~ z "  Sc
H e re , th e  th ic k n e s s  o f  th e  wave boundary  l a y e r  i s  g iv e n  b y  e q u a t io n
( 3 .1 3 ) .  B o th  u ^  and  u ^  a r e  r e l a t e d  t o  t h e  b o tto m  s t r e s s  e x e r t e d
b y  th e  f lo w  f i e l d .  The v e l o c i t y  s c a le  i s  d i r e c t l y  r e l a t e d  to
th e  maximum b o tto m  s h e a r  s t r e s s  - th u s  i s  u n d e r  th e  i n f l u e n c e  o f  th e  
com bined  f lo w . The v e l o c i t y  s c a le  u ^  r e p r e s e n t s  th e  d i f f u s i o n  o f  
tu r b u le n c e  p ro d u c e d  a t  th e  bo ttom  by th e  m ean c u r r e n t  s h e a r .  When 
we a p p ly  th e  law  o f  th e  w a l l  to  th e  d a ta  o b t a i n e d  o u t s id e  t h e  wave 
b o u n d a ry  l a y e r ,  w hich i s  one  o f  th e  m ost common p r a c t i c e s ,  we hav e  
to  k eep  i n  m ind t h a t  th e  f r i c t i o n  v e l o c i t y  c a l c u l a t e d  by  th e  l e a s t  
s q u a re  i s  n o t  th e  r e a l  b o tto m  f r i c t i o n  v e l o c i t y  b u t  th e  v e l o c i t y  
s c a l e  u ^ 2 > By tb e  same r e a s o n ,  we a ls o  o b t a i n  from  th e  o u t e r  f lo w  a  
d e te r m in a t io n  o f  a p p a re n t  ro u g h n ess  z^ w h ic h  d i f f e r s  from  th e  a c t u a l  
b o tto m  ro u g h n e s s  le n g th  s c a l e  Zq.
The a d v a n ta g e  o f  t h i s  m odel i s  t h a t  a n a l y t i c a l  e x p r e s s io n  f o r  
b o th  th e  m ean and  th e  o s c i l l a t i n g  v e lo c i ty  p r o f i l e s  and th u s  th e  
s h e a r  p r o f i l e  c a n  be  o b ta in e d .  T here e x i s t  w eak  a s su m p tio n s  su c h  a s  
th e  d i s c o n t in u o u s  and t im e - i n v a r i a n t  eddy v i s c o s i t y  d i s t r i b u t i o n ,  
th e  d e f i n i t i o n  o f  th e  wave boundary  la y e r  t h i c k n e s s ,  and th e  
e x i s t e n c e  o f  c o n s ta n t  s h e a r  s t r e s s  l a y e r .  T h e re  have  b e e n  s e v e r a l  
m o d if ie d  v e r s i o n s  o f  th e  tw o - la y e r  m odels ( e . g .  L a v e lle  a n d  M o f je ld , 
1 9 8 3 ) . H ow ever, a s  W iberg  and  Sm ith (1983) p o in te d  o u t ,  th e  
a m b ig u ity  i n  th e  p r e f e r e n c e  o f  a m odel, t h i s  s im p le  tw o - la y e r  m odel
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i s  q u i t e  a t t r a c t i v e  e s p e c i a l l y  w hen th e  m ain p u rp o s e  i s  to  s tu d y  
se d im e n t t r a n s p o r t .
We a l i g n  th e  x - a x i s  w ith  th e  d i r e c t i o n  o f  wave p r o p a g a t io n  and  
decom pose v a r i a b l e s  by  d i f f e r e n t  t im e  s c a le s :
H ere , th e  s u b s c r i p t s  c and  w d e n o te  c u r r e n t  an d  w ave, r e s p e c t i v e l y .  
The p rim e  r e p r e s e n t s  t u r b u l e n t  f l u c t u a t i o n s .
A dopt B o u ss in e sq  a p p ro x im a tio n , n e g le c t  s e c o n d - o r d e r  t e r m s ,  and  
a v e ra g e  o v e r  t u r b u l e n t  tim e  s c a l e s .  N e g le c t in g  C o r i o l i s  f o r c e  an d  
h o r i z o n t a l  a d v e c t io n ,  th e  momentum e q u a t io n  becom es
u  -  u  + u  + u  c  w ( 3 .5 5 )
v  -  v c +  V (3 .5 6 )
w - w + w w ( 3 .5 7 )
P -  Pc + Pw + P (3 .5 8 )
( 3 .5 9 )
0 ( 3 .6 0 )
( 3 .6 1 )
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Adopt sim p le  eddy v i s c o s i t y  m odel.
u>w "  v t  f _ ( uc + uw) ( 3 .6 2 )
dz
3vcvV -  1/ .  "  ( 3 .6 3 )
C dz
A v erag e  o v e r  s e v e r a l  wave p e r io d s .
1  apc d 3uc 0 + f _ ( v t  _ ^ )  (3 .6 4 )
p dx dz dz
,  dp „ dv
0 -  - C + f _ ( i /  __^) (3 .6 5 )
p dy dz t  dz
0 g (3 .6 6 )
p dz
S u b t r a c t  e q u a t io n s  (3 .6 4 )  th ro u g h  (3 .6 6 )  from  e q u a t io n s  (3 .5 9 )  
th ro u g h  ( 3 .6 1 ) .  Then, we h av e
du i dp a du „w 1  r w , d ,  w. , ,  -  - _*___  +  ( ^ t  ) ( 3 .6 7 )
d t  p dx dz dz
1  flpw ( 3 .6 8 )
p dy
E q u a t io n s  (3 .6 4 )  th ro u g h  (3 .6 6 )  a r e  s o lv e d  f o r  c u r r e n t s  w h e re as  
e q u a t io n s  (3 .6 7 )  an d  (3 .6 8 )  a r e  s o lv e d  f o r  w aves.
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3 . 3 . 3 .  S o lu t io n  fo r  c u r r en t
Assume a  c o n s ta n t  s h e a r  s t r e s s  f o r  c u r r e n t  b o u n d a ry  l a y e r .  
O u ts id e  wave b o u n d a ry  l a y e r ,  z >  5w, we h av e
3uc
u* 2 * u * 2  x  "  ku* 2 z  3 —  ( 3 - 69)* a 2
3vc
u* 2 * u * 2  y  "  ku* 2 z 7t—  ( 3 ' 70)J d z
H e re , s u b s c r i p t s  x  and  y d e n o te  th e  h o r i z o n t a l  com ponents i n  x -  and  
y - d i r e c t i o n s , r e s p e c t i v e l y .  From th e  above  e q u a t io n s ,  we g e t
u c -  U* 2 ’x l n ( z / z 1 ) (3 .7 1 )
v c -  U* 2 ,y  l n ( z / Z l ) (3 .7 2 )
H e re , we s e t  z e ro  v e l o c i t y  a t  z  -  b e c a u s e  th e  v e l o c i t y  s c a l e  i s  
v a l i d  o n ly  above th e  wave b o u n d a ry  l a y e r .  T h is  h e ig h t  i s  d e f in e d  
a s  a p p a re n t  ro u g h n e s s .
I n s i d e  wave b o u n d a ry  l a y e r  z £  8 , we hav e
T hus, we g e t
uc l n ( z / z n ) ( 3 . 7 5 )
v c l n ( z / z n ) (3 .7 6 )
M a tc h in g  v e l o c i t i e s  a t  to p  o f  wave b o u n d a ry  l a y e r  z -  6  , we h av e
H ere , Sw i s  g iv e n  a g a in  by  e q u a t io n  ( 3 .1 3 ) .  P ro v id e d  we know u ^  
and  i n  a d d i t i o n  to  Zq, we c a n  c a l c u l a t e  a p p a re n t  ro u g h n e s s  z^  b y  
i t e r a t i o n  u s in g  th e  e q u a t io n  ( 3 .7 7 ) .
3 .3 .3  S o lu t io n  f o r  wave
S e p a r a te  th e  o s c i l l a t o r y  com ponent so  t h a t  th e  v e l o c i t y  
a m p li tu d e  U i s  th e  f u n c t io n  o f  z o n ly .
ln< Vzl> - ^  l"< W
*1
(3 .7 7 )
uw -  U (z )  e iw t (3 .7 8 )
S u b s t i t u t e  e q u a t io n  (3 .7 8 )  i n t o  e q u a t io n  ( 3 .6 4 ) .
( 3 . 7 9 )
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Boundary c o n d it io n s  are
0 ( 3 . 80 )
Re(U | ) -  U„
w
(3 .8 1 )
w here i s  th e  a m p litu d e  o f  b o tto m  e x c u r s io n  v e l o c i t y .  The 
b o u n d a ry  c o n d i t io n  g iv e n  by  e q u a t io n  (3 .8 1 )  i s  d i f f e r e n t  from  th e  
b o u n d a ry  c o n d i t io n  f o r  th e  p u re  wave m odel. B u t, th e  d i f f e r e n c e  
does  n o t  hav e  any s i g n i f i c a n c e  on th e  p r e d i c t i o n s .  B ecause  s h e a r  i s  
n e g l i g i b l e  above th e  wave b o u n d a ry  l a y e r ,  we s e t
S u b s t i t u t e  e q u a t io n  (3 .8 1 )  i n t o  e q u a t io n  ( 3 .7 8 ) .  T hen , we h av e  an  
o r d in a r y  d i f f e r e n t i a l  e q u a t io n .
iwU -ay f o r  z > 6 (3 .8 2 )
p dx w
iw(U - U J  -  i ( / c u ^ lZ  ^ ) (3 .8 3 )
D e f in e  d e f e c t  v e l o c i t y  a m p litu d e  U^.
Ur -  U - U6 ( 3 . 8 4 )CO
Then, e q u a t io n  (3 .8 3 )  becom es
The boundary c o n d it io n s  become
EalD j l z - 2 o ' -  - U.  ( 3 ’86)
Re{U5 l z - 5  } “  0 ( 3 . 8 7 )
D e f in e  a  d im e n s io n le s s  v a r i a b l e  f o r  v e l o c i t y .
*U -  _  (3 .8 8 )
U00
D e f in e  a n o th e r  d im e n s io n le s s  v a r i a b l e  f o r  s p a c e .
z*  -  2 ( z / l ) 1 / 2  (3 .8 9 )
H e re , 1 i s  a  c h a r a c t e r i s t i c  l e n g t h  s c a l e .
«u* l
1 -  ___   (3 .9 0 )
o>
C om bining e q u a tio n  ( 3 .1 3 )  and e q u a t io n  ( 3 .8 9 ) ,  we have
6*  -  2 k ~1 /Z  (3 .9 1 )
T hen , e q u a t io n  ( 3 .8 5 )  i s  n o n -d im e n s io n e d . A f t e r  m a n ip u la t io n ,  we 
h av e
* 9  * f *4* &  I *A* 9
(z  ) • (U ) + z  • (U ) - i  (z  ) ■ U -  0 (3 .9 2 )
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w ith  th e  boundary c o n d it io n s
Re(U | *  *> -  -1
z - z Q
( 3 . 9 3 )
Re{U | ~ 0
z “ 5w
( 3 .9 4 )
F o llo w in g  A bram ow itz and  S te g u n  (1 9 6 4 ), we h a v e  th e  s o l u t i o n
U* = A (b e r  z*  + i * b e i  z* ) + B ( k e r  z* + i » k e i  z* )  ( 3 .9 5 )
w here  A and  B a r e  c o n s ta n t s .  The c o n s ta n ts  a r e  o b ta in e d  from  
b o u n d a ry  c o n d i t io n s .
- k e i  5w
b e r  z j  • k e i  6*
( 3 .9 6 )
k e r  z rt • b e i  5.w
b e i  6 .
B w
b e r  Zf. • k e i  S - k e r  z n • b e i  6 u w u w
( 3 .9 7 )
3 .3 .4  Maximum b o tto m  s h e a r  s t r e s s
U sin g  s im p le  ed d y  v i s c o s i t y  m odel, th e  maximum b o ttom  s h e a r  
s t r e s s  i s  g iv e n  by
du, b ,m ax . c
<— :— -  *“ * 1 * 0  a -p dz
wdu
z -z 0  + L
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z -Z g  Max ( 3 . 9 8 )
S in c e r b , max i , u * l* u* l , x  +  J * u* l ,u * l , y (3 .9 9 )
we h a v e
u* l , x “  KZ0 (
du
dz
du.
z - z . + Max{
w
dz z - » J >
(3 .1 0 0 )
dv
U* l , y ”  KZ0 dz Z“ Z ,
(3 .1 0 1 )
From e q u a t io n  ( 3 .9 5 ) ,  we g e t
>Ui * St * 'k f rk * Sb
  -  (A b e r  z + B k e r  z ) + i  (A b e i  z + B k e i  z )
dz
-  C(z*> + i* D (z* ) (3 .1 0 2 )
We know
du U , .
W ® /n . i n \  i ^ t  — _________  • (C + i»D ) «e
dz . n V 2
(3 .1 0 3 )
(z-1)
T h u s ,
du  J l  . n 2„  , w, .. . C + D .1 /2  Max(____ } -  U (_________ )
dz z * l
(3 .1 0 4 )
C om bining t h i s  w i th  e q u a t io n s  (3 .7 5 )  and ( 3 .7 6 )  and s u b s t i t u t e  i n t o  
e q u a t io n s  (3 .1 0 0 )  an d  ( 3 .1 0 1 ) ,  we g e t
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+ 0 . 5*«U z n (C (z n r  + D (zn ) )
‘* 1
( 3 . 10 5 )
(3 .1 0 6 )
3 .3 .5 .  B ottom  ro u g h n e ss
I n  a d d i t i o n  to  th e  maximum b o tto m  f r i c t i o n  v e l o c i t y  u ^ ,  th e  
h e ig h t  o f  z e ro  v e l o c i t y  Zq s h o u ld  be  d e f in e d  to  s o lv e  t h e  g o v e rn in g  
e q u a t io n s  f o r  b o th  c u r r e n t s  and  w aves. N ik u ra d s e  (1933) r e l a t e s  Zq 
to  th e  ro u g h n e ss  h e ig h t  ( Y a lin ,  1 9 7 7 ).
He e x p re s s e d  k^ in  te rm s  o f  g r a in  d ia m e te r  Dg , in  c a s e  o f  no 
s e d im e n t movement. The s k in  f r i c t i o n  i s  th e  b o u n d a ry  s h e a r  s t r e s s  
a c t i n g  on  th e  se d im e n t g r a in s  i n  th e  b ed  th u s  c a l c u l a t e d  by  u s in g  
th e  N ik u ra d se  ro u g h n e s s .
B edform s in c r e a s e  th e  ro u g h n e ss  h e ig h t  a n d  th e r e b y  th e  b o tto m  
b o u n d a ry  s h e a r  s t r e s s  by  form  d ra g  (S m ith  a n d  McLean, 1977 ; G ra n t 
and M adsen, 1 9 8 2 ). M oveable b e d  e x t r a c t s  momentum from  th e  f lo w  
th u s  i n c r e a s in g  b o tto m  s h e a r  s t r e s s  and  th e  e f f e c t i v e  ro u g h n e s s  
l e n g th  (G ra n t and  M adsen, 1 9 8 3 ). S uspended  s e d im e n ts  a f f e c t  th e  
b o u n d a ry  l a y e r  s t r u c t u r e  by  d e n s i ty  s t r a t i f i c a t i o n  w h ich  re d u c e s  
downward d i f f u s i o n  o f  momentum from  th e  c u r r e n t s .  The r e s u l t  o f  
s t r a t i f i c a t i o n  e f f e c t  i s  th e  re d u c e d  b o tto m  s h e a r  s t r e s s  w i th  th e
z Q -  V  30 (3 .1 0 7 )
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i n c r e a s e d  bo ttom  ro u g h n e s s  (Adams an d  W e a th e rly , 1981; C a c c h io n e  and  
D rak e , 1 982 ; G lenn a n d  G ra n t, 1 9 8 7 ) . W a v e -c u rre n t i n t e r a c t i o n  
i n c r e a s e s  b o th  Zq a n d  u ^  (G ra n t a n d  M adsen, 1 9 7 9 ; G lenn , 1983 ; 
N ie ls e n  e t  a l . ,  1 9 8 2 ) .
We a d o p t  N ie ls e n  e t  a l . ' s  (1 9 8 2 ) m ethod to  c a l c u l a t e  b o t to m  
ro u g h n e s s  h e ig h t  k ^ .
-  2 .5 - D s  f o r  e '  < 0 .0 5  ( 3 .1 0 8 )
-  190  ( e '  - 0 .0 5 ) 1 / 2 *Ds  + 8  r?b 2/A  f o r  0 .0 5  <  e '<  1 ( 3 .1 0 9 )
-  190  ( e '  - 0 .0 5 ) 1 / 2 *Ds f o r  e ' s  1 ( 3 .1 1 0 )
r
H ere , 0  i s  s k in  f r i c t i o n  S h ie ld s  p a ra m e te r .
c a l c u l a t e d  u s in g  th e  ro u g h n e ss  h e i g h t  g iv e n  by e q u a t io n  ( 3 .1 0 8 ) .  
i s  th e  h e i g h t  o f  ro u g h n e s s  e le m en t a n d  A i s  th e  w id th  o f  ro u g h n e s s  
e le m e n t. Form d ra g  e f f e c t  i s  r e s o lv e d  in  e q u a t io n  (3 .1 0 9 )  th ro u g h  
tjb and  A. B ecause t h e  in fo r m a t io n  o f  bedform s i s  n o t  a v a i l a b l e ,  we 
need  t o  e s t im a te  a n d  A from  th e  f lo w  and s e d im e n ta ry  
c h a r a c t e r i s t i c s .  N ie l s e n  (1981) g iv e  t h i s  f o r m u la t io n  th ro u g h  
e x p e r im e n ta l  d a ta  fro m  s u r f  z o n e s . M o b il i ty  num ber i s  d e f i n e d  a s
0
Tb ,m ax  /  p ( 3 .1 1 1 )
( Ps / P  '  l)*g*D s
b ,m ax i s  th e  maximum b o tto m  s h e a r  s t r e s s  f o r  s k in  f r i c t i o n ,
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H e re , i s  th e  b o tto m  e x c u rs io n  a m p litu d e . The r i p p l e  s te e p n e s s  
i s  g iv e n  a s  a  f u n c t i o n  o f  S h ie ld s  p a ra m e te r .
t)h / \  -  0 .3 4 2  • 0 .3 4  <e ' ) 1 / 4  ( 3 .1 1 3 )
The r i p p l e  h e ig h t  i s  r e l a t e d  to  th e  e x c u rs io n  a m p litu d e  A^ b y
.Jh/A,, -  21 * _ 1 - 8 5  ( 3 .1 1 4 )
3 .3 .6  S o lu t io n  and  t e s t
The s o l u t i o n  r e q u i r e s  i t e r a t i v e  p ro c e d u re s . A t th e  s t a r t i n g  
p o i n t ,  we assum e 0.1*U ^ w here  i s  th e  a m p li tu d e  o f  b o tto m
* u* le x c u r s io n  v e l o c i t y .  T hen , we c a l c u l a t e  a l e n g th  s c a l e  1 -  ____  a n d
th e  t h i c k n e s s  o f  th e  wave b o u n d a ry  l a y e r  5 -  1 / k . E q u a tio n  ( 3 .1 0 8 )
g iv e s  t h e  ro u g h n e ss  h e ig h t  from  t h e  g r a in  d ia m e te r .  A s s ig n in g  a n  
i n i t i a l  v a lu e s  a s  0 . 1  u ^ ,  we f i n d  u ^  by i t e r a t i o n  u s in g  e q u a t io n s  
(3 .7 1 )  an d  ( 3 .7 2 ) .  Now, e q u a t io n s  (3 .1 0 5 )  and  ( 3 .1 0 6 )  g iv e  u .., 
w hich  i s  th e  f r i c t i o n  v e lo c i ty  f o r  th e  s k in  f r i c t i o n .  Going b a c k  t o  
th e  c a l c u l a t i o n  o f  1  and  Sw> new u^g  *-s o b ta in e d  a n d  th e n  th e  new
t i
u ^  i s  c a l c u l a t e d .  The s k in  f r i c t i o n  S h ie ld s  p a ra m e te r  9 i s  a l s o  
o b ta in e d  b y  e q u a t io n  (3 .1 1 1 ) .  A f t e r  th e  i t e r a t i o n  p ro c e d u re  g iv e s  a
I
c o n v e rg e d  v a lu e  o f  u ^ ,  a n o th e r  i t e r a t i o n  i s  r e q u i r e d  to  o b t a i n  u ^
t
and u ^ :  Assume u ^  -  uA^ . C a lc u la te  1 and 6 ^ .  W ith  th e  e q u a t io n s
( 3 .1 0 8 )  th ro u g h  ( 3 .1 1 4 ) ,  Zq i s  c a l c u l a t e d  v i a  e q u a t io n  ( 3 .1 0 7 ) .  We
f in d  u * 2  by  i t e r a t i o n  u s in g  e q u a tio n s  ( 3 .7 1 )  and ( 3 . 7 2 ) .  A t t h i s
point, we a ls o  have a  c a l c u l a t e d  apparent ro u g h n ess  z ^  v i a  e q u a tio n
( 3 .7 7 ) .  The i t e r a t i o n  g o e s  back to  t h e  c a l c u l a t i o n  o f  Zq . A f te r
o b t a i n i n g  Zq , we can  u s e  e q u a tio n s  ( 3 .1 0 5 )  and (3 .1 0 6 )  t o  c a l c u l a t e
new U i i  . We r e tu r n  t o  t h e  c a lc u l a t i o n  o f  1 and S a n d  r e p e a t  th e  *  l  w
p r o c e d u r e  u n t i l  th e  c a l c u l a t e d  u . n v a l u e  c o n v e rg e s .
To s e e  th e  e f f e c t  o f  th e  change i n  a n g le  b e tw een  c u r r e n t  and 
wave p r o p a g a t io n ,  we u s e  1 m /sec , T -  10 s e c . D ia m e te r  o f  
b o tto m  se d im e n ts  i s  a s su m e d  to  be 0 .1  mm. S tead y  c u r r e n t  o f  1 m /sec  
a t  t h e  h e i g h t  100 cm f ro m  th e  bottom  i s  assum ed . We c a n  se e  t h a t  
the  s h e a r  i s  maximum w hen  th e  wave p r o p a g a t io n  and t h e  s te a d y  
c u r r e n t  a r e  in  th e  sam e d i r e c t i o n  ( F ig u r e  15) . T h is  h a s  b een  shown 
by m any r e s e a r c h e r s  ( e . g .  G lenn, 1 9 8 3 ) . We a ls o  t e s t e d  th e  e f f e c t  
o f v a r y i n g  wave v e l o c i t y .  We use f o u r  d i f f e r e n t  v a l u e s ,  1, 0 .7 5 , 
0 .5 ,  a n d  0 .2 5  m /sec. We ca n  see  th e  i n c r e a s e d  e f f e c t  o f  wave on th e  
b o tto m  f r i c t i o n .  The e f f e c t  o f  o s c i l l a t i n g  com ponent on  th e  mean 
flow  i s  t o  in c re a s e  z ^ ,  u ^ 2 » and v e l o c i t y  g r a d ie n t  ( L a r s e n  e t  a l . ,  
1 981 ).
3 .3 ,7  R e s u l t s  and d i s c u s s i o n
T he i n p u t  d a ta  i s  t a b u l a t e d  in  T a b le  1 f o r  low e n e rg y  c o n d i t io n  
and i n  T a b le  2 f o r  h ig h  e n e rg y  c o n d i t io n .  Under low e n e rg y  
c o n d i t i o n ,  th e  maximum b o tto m  f r i c t i o n  r e p r e s e n te d  by  u ^  i s  around  
2 c m /s e c .  By com paring  F ig u re  16 w ith  F ig u r e  3, th e  i n c r e a s e  in  z Q 
w ith  d e c r e a s in g  wave h e i g h t  H can be  s e e n .  T h is  im p l ie s  an
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F ig u r e  15 E f f e c t  o f  change i n  a n g le  b e tw een  c u r r e n t  and w ave 
p r o p a g a t io n .
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F ig u r e  16 Combined bo u n d ary  l a y e r  m odel ru n  f o r  f a i r  w e a th e r .  Zq 
i s  t h e  ro u g h n e ss  l e n g th  s c a l e  i n  cm. u ^  i s  th e  maximum 
b o tto m  f r i c t i o n  v e l o c i t y  i n  c m /se c . u ^  I s  th e  v e l o c i t y  
s c a l e  r e l a t e d  w ith  th e  s h e a r  in d u c e d  by  c u r r e n t  i n  
c m /s e c . 6 w i s  th e  t h ic k n e s s  o f  wave b o u n d a ry  l a y e r  i n  
cm.
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i n c r e a s e d  b e d fo rm  s i z e  w ith  d e c r e a s in g  wave e n e rg y . The v e l o c i t y  
s c a l e  f o r  c u r r e n t  b o u n d a ry  l a y e r  u ^  v a r i e s  w i th  v a ry in g  m ean 
c u r r e n t  from  0 .2  t o  0 .4  c m /se c . The wave b o u n d a ry  la y e r  t h ic k n e s s  
v a r i e s  be tw een  3 t o  3 .5  cm.
U nder h ig h  e n e rg y  c o n d i t io n ,  Zq i s  re d u c e d , a s  a  r e s u l t  o f  
d e c re a s e d  s i z e  o f  th e  wave g e n e r a te d  r i p p l e s .  Maximum b o tto m  
f r i c t i o n  v e l o c i t y  u ^  i s  i n c r e a s e d  u p to  10 c m /s e c .  The v e l o c i t y  
s c a l e  u ^  a l s o  i n c r e a s e s  by a n  o r d e r  o f  m a g n itu d e . C om paring w i th  
hydrodynam ic  c o n d i t io n s  (F ig u re  5 ) ,  we n o t ic e  u ^ ,  Zq, and S a r e  
s e n s i t i v e  to  t h e  v a r i a t i o n  i n  t h e  wave h e ig h t  ( F ig u r e  1 7 ) . The 
c u r r e n t  b o u n d a ry  l a y e r  v e l o c i t y  s c a l e  u ^  v a r i e s  w i th  mean c u r r e n t .  
The c a lc u la t e d  m odel v a lu e s  a r e  t a b u l a t e d  i n  T a b le  4 f o r  low  e n e rg y  
c o n d i t io n  and i n  T a b le  5 f o r  h ig h  e n e rg y  c o n d i t i o n .  These v a l u e s  
becom e in p u t  p a ra m e te r s  f o r  th e  c o n c e n t r a t io n  m odel d e v e lo p e d  i n  
C h a p te r  4 .
The tw o - la y e r  t i m e - i n v a r i a n t  eddy  v i s c o s i t y  m odel i s  b a s e d  on  
th e  l i n e a r i z e d  e q u a t io n  o f  m o tio n . The n o n - l i n e a r  i n t e r a c t i o n  i s  
m o d e lle d  th ro u g h  S t i l l  t h e r e  e x i s t  weak a s su m p tio n s  s u c h  a s
th e  d is c o n t in u o u s  an d  t im e - i n v a r i a n t  eddy v i s c o s i t y  d i s t r i b u t i o n ,  
th e  a m b ig u ity  i n  t h e  d e f i n i t i o n  o f  th e  wave b o u n d a ry  la y e r  t h ic k n e s s  
Sw , and  th e  e x i s t e n c e  o f  c o n s ta n t  s h e a r  s t r e s s  l a y e r .  W iberg  a n d  
S m ith  (1983) u s e s  a  c o n tin u o u s  ed d y  v i s c o s i t y  m odel and th e  r e s u l t s  
o f  two m odels a r e  a lm o s t  i d e n t i c a l .  Thus, t h e r e  i s  no s e r i o u s  b a s i s  
u p o n  w hich  to  s i n g l e  o u t  any o f  t h e  a ssu m p tio n  u n d e r ly in g  th e  s im p le  
d i s c o n t in u o u s  ed d y  v i s c o s i t y  d i s t r i b u t i o n .
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F ig u r e  17 Combined b o u n d a ry  l a y e r  m odel ru n  f o r  s to rm . Zq i s  th e  
ro u g h n ess  l e n g t h  s c a le  i n  cm. u ^  i s  th e  maximum b o tto m  
f r i c t i o n  v e l o c i t y  in  c m /s e c . u ^  i s  th e  v e l o c i t y  s c a l e  
r e l a t e d  w i t h  th e  s h e a r  in d u c e d  by  c u r r e n t  i n  c m /se c . 
i s  th e  t h ic k n e s s  o f  wave b o u n d a ry  l a y e r  i n  cm.
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T ab le  4 . C a lc u la te d  v a lu e s  fo r  f a i r  w ea th er  p o r t io n
Hour
2 0
(cm)
Z 1
(cm)
U* 1
(cm /se c )
u * 2
(cm /se c )
5w
(cm)
0 0 .0 7 0 7 2 .2 1 7 1 2 . 1 2 0 .2 3 3 .4 0
4 0 .2 1 8 4 1 .6 5 1 1 1 .7 8 0 .3 9 2 .9 0
8 0 .0 9 7 1 2 .7 9 7 4 1 .9 6 0 . 1 0 3 .3 5
1 2 0 .1 1 7 7 1 .3 8 4 7 1 .9 8 0 .5 2 3 .3 3
16 0 .4 0 2 6 2 .2 8 8 2 1 .9 0 0 .2 6 3 .0 0
2 0 0 .1 6 9 5 1 .4 1 5 8 1 .8 1 0 .4 8 3 .0 6
24 0 .1 9 8 9 2 .2 4 5 9 1 .7 8 0 . 2 0 3 .0 3
28 0 .2 3 8 4 1 .9 0 8 5 1 .7 7 0 .33 3 .0 7
32 0 .2 2 7 7 1 .7 3 8 1 1 .7 8 0 .3 8 3 .0 4
36 0 .2 4 3 0 1 .6 0 5 7 1 .8 5 0 .5 0 3 .1 9
40 0 .3 6 4 0 2 .1 5 7 8 1 .9 3 0 .3 9 3 .4 0
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T able 5 . C a lc u la te d  v a lu e s  fo r  storm  w eather p o r t io n
Hour
z 0
(cm)
Z1
(cm)
U* 1
(c m /se c )
u * 2
( c m /se c )
fiw
(cm)
0 0 .1 3 0 1 1 .7757 8 .3 1 3 .1 4 8 .7 1
4 0 .0898 1 .5271 5 .7 7 1 .9 4 6 .3 7
8 0 .1 0 4 8 1.8212 6 .7 2 2 .1 4 6 .9 5
1 2 0 ,0822 1 .1351 5 .3 0 2 .0 5 5 .9 7
16 0 .0785 1 .9308 5 .0 7 1 .2 7 5 .6 2
2 0 0 .0618 1 .2994 4 .0 1 1 .2 7 5 .2 9
24 0 .0699 1 .0778 4 .5 3 1 .7 2 5 .8 1
28 0 .0 9 0 4 2.1126 5 .8 1 1 .5 2 6 .4 7
32 0 .1063 1.6093 6 .8 1 2 .4 4 7 .3 8
36 0 .1559 1 .2406 9 .9 4 5 .0 3 1 0 .4 1
40 0.1689 2 .1374 10 .7 6 4 .2 9 1 1 .4 5 -
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We s t i l l  h av e  many u n s o lv e d  q u e s t io n s  su c h  a s  th e  v a l i d i t y  o f  
lo g a r i th m ic  v e l o c i t y  p r o f i l e .  F i e l d  e v id e n c e  shows m ixed 
i n t e r p r e t a t i o n s .  F o r ex am p le , S o u lsb y  and  D yer (1981) and  L a v e l le  
an d  M o fje ld  (1983) d i s p u te  th e  a m b ig u ity  o f  th e  lo g a r i th m ic  v e l o c i t y  
p r o f i l e  w h e re as  G ross and  N ow ell (1 9 8 3 ) show th e  e v id e n c e s  f o r  i t .  
F o r  th e  f u r t h e r  a p p l i c a t i o n  to  th e  s e d im e n t t r a n s p o r t  m odel, we a l s o  
n e e d  to  u n d e r s ta n d  th e  c o u p lin g  o f  fo rm  d ra g  an d  m oveab le  b e d  
e f f e c t s  on th e  b o tto m  s h e a r  s t r e s s  an d  b o tto m  ro u g h n e ss  h e i g h t .  The 
m odel d e v e lo p e d  h e r e  i s  b e l i e v e d  to  b e  s u f f i c i e n t l y  a c c u r a te  to  
r e p ro d u c e  th e  b o tto m  s h e a r  s t r e s s ,  a t  l e a s t  to  th e  f i r s t  d e g re e  
w h ich  i s  e s s e n t i a l  f o r  th e  f u r t h e r  a p p l i c a t i o n .  The m a g n itu d e  o f  
t h e  maximum b o tto m  s h e a r  s t r e s s  becom es th e  m o st im p o r ta n t  in p u t  
v a r i a b l e  f o r  th e  se d im e n t c o n c e n t r a t io n  m odel.
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4 . SUSPENDED SEDIMENT CONCENTRATION MODEL
4 .1  I n t r o d u c t i o n
The m ost common a p p ro a c h  to  th e  p r e d i c t i o n  o f  su sp en d e d  se d im e n t 
d i s t r i b u t i o n  i s  b a s e d  on th e  a ssu m p tio n  t h a t  th e  s e d im e n t p h a se  a s  
w e l l  a s  th e  f l u i d  p h a se  i s  a  con tin u u m . T h a t i s ,  th e  l a r g e s t  s i z e  
o f  th e  se d im e n t p a r t i c l e s  i s  sm a ll com pared  w i th  th e  s m a l l e s t  l e n g th  
s c a l e  o f  th e  f lo w  p a ra m e te r  (M onin an d  Yaglom, 1 9 7 1 ). I n  t h i s  
co n tin u u m  th e o r y ,  th e  c o n t i n u i t y  i s  a p p l i e d  to  b o th  p h a s e s  ( e .g .  
G ra f ,  1 9 7 1 ). T h is  becom es th e  b a s i s  f o r  th e  e s t i m a t io n  o f  
c o n c e n t r a t io n  p r o f i l e .
To im prove th e  su sp en d e d  se d im e n t c o n c e n t r a t io n  m odel, th e  
d i f f u s i o n  term  w hich  a p p e a rs  i n  th e  g o v e rn in g  e q u a t io n  s h o u ld  be 
d e f in e d  w ith  a  c e r t a i n  l e v e l  o f  a c c u ra c y . The d i f f u s i o n  o f  s e d im e n t 
m ass w i t h in  a  f lo w  i s  r e l a t e d  to  th e  m u l t i - p h a s e  f lo w  dynam ics and  
th u s  c o m p lic a te d  by th e  unknown c o r r e l a t i o n s  i n  te rm s  o f  t im e  s c a l e s  
( e . g .  H un t, 1 9 6 9 ) . B ecause b o th  th e  tu r b u le n c e  and  th e  wave 
m ovem ents c o n t r i b u te  to  th e  d i f f u s i o n  p r o c e s s e s ,  t h i s  s h o u ld  be  
d e te rm in e d  in  s u c h  a  way t h a t  r e s o lv e s  a t  l e a s t  t u r b u l e n t  and  
p e r i o d i c  tim e s c a l e s .  M oreover, th e  a n a lo g y  o f  s e d im e n t m ass 
d i f f u s i o n  to  t h e  f l u i d  momentum d i f f u s i o n  ca n  b e  q u e s t io n e d  ( e .g .  
D o b b in s , 1 943 ).
The d e te r m in a t io n  o f  d i f f u s i o n  c o e f f i c i e n t  i s  c o m p lic a te d  by  th e  
b ed fo rm s d e v e lo p e d . E s p e c ia l l y  when th e  m ag n itu d e  o f  th e  q u a s i ­
s te a d y  c u r r e n t  i s  much s m a l le r  th a n  th e  a m p litu d e  o f  o s c i l l a t i n g
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f lo w , i t  i s  th e  v o r te x  b u r s t i n g  t h a t  d o m in a te s  t h e  s u p p ly  o f  
su sp e n d e d  s e d im e n ts  i n t o  th e  w a te r  colum n ( B h a t ta c h a r y a ,  1 9 7 1 ) . 
N ie ls e n  (1979) p o in te d  o u t  t h a t  a  m odel f o r  th e  su sp e n d e d  se d im e n t 
s h o u ld  b e  b a s e d  on a  p e r i o d i c a l l y  p u l s a t i n g  in p u t  o f  s a n d  a t  th e  
lo w e r b o u n d a ry .
The c o n c e n t r a t io n  m odel a l s o  r e q u i r e s  th e  know ledge o f  th e  
c o n c e n t r a t io n  a t  a  r e f e r e n c e  l e v e l .  B ecause  su sp e n d e d  s e d im e n ts  a r e  
t r a n s p o r t e d  u n d e r  d i f f e r e n t  m echanism s from  b e d lo a d  s e d im e n ts , th e  
r e f e r e n c e  h e ig h t  i s  r e l a t e d  to  th e  t h ic k n e s s  o f  b e d lo a d  l a y e r  w hich  
in  t u r n  i s  r e l a t e d  to  g r a in  d ia m e te r .  The b o u n d a ry  c o n d i t io n s  
s h o u ld  b e  e x p re s s e d  in  te rm s  o f  b o th  th e  f lo w  an d  th e  s e d im e n t  
c h a r a c t e r i s t i c s  ( e .g .  E i n s t e in ,  1 9 5 0 ) .
I n  t h i s  C h a p te r ,  a se d im e n t c o n c e n t r a t io n  m odel i s  d e v e lo p e d  an d  
th e  e s t i m a t io n  o f  d i f f u s i o n  an d  r e f e r e n c e  c o n c e n t r a t io n  i s  
e l a b o r a t e d .
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4 .2  G o v ern in g  e q u a tio n s
The change  o f  m ass i n  a  c lo s e d  sy s te m  e q u a ls  th e  sum o f  th e  m ass 
c h a n g es  due to  c o n v e c t io n  and d i f f u s i o n .
H e re , C i s  th e  volum e c o n c e n t r a t io n  o f  s e d im e n ts ,  ug i s  th e  v e c to r  
o f  s e d im e n t p a r t i c l e  v e l o c i t y ,  a n d  v  i s  th e  m o le c u la r  v e l o c i t y .  
A nalogous t o  th e  f lo w  f i e l d  a n a l y s i s ,  we decom pose th e  p a r t i c l e  
v e l o c i t y  i n t o  m ean, p e r i o d i c ,  an d  t u r b u l e n t  p a r t s .
S u b s c r ip t s  c  and  w r e p r e s e n t  c u r r e n t  an d  wave, r e s p e c t i v e l y .  
A nalogous d e c o m p o s itio n  i s  g iv e n  to  th e  s e d im e n t c o n c e n t r a t io n .
H e re , th e  s u b s c r i p t s  m and  p r e p r e s e n t  mean and  p e r i o d i c  
c o n c e n t r a t io n s ,  r e s p e c t i v e l y .  Assume n e g l i g i b l e  h o r i z o n t a l  
c o n v e c t io n  an d  m o le c u la r  d i f f u s i o n  com pared  w i th  v e r t i c a l  t u r b u l e n t  
d i f f u s i o n .  S u b s t i t u t e  e q u a t io n s  ( 4 .3 )  a n d  ( 4 .2 )  i n to  e q u a t io n  (4 .1 )  
and  a v e ra g e  o v e r  t u r b u l e n t  tim e  s c a l e .
( 4 .1 )
u s usc + u ( 4 .2 )
c -  c + c  + cm pP ( 4 .3 )
( 4 . 4 )
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The p a r t i c l e  v e l o c i t y  i s  g iv e n  by th e  c o n s e r v a t io n  o f  momentum 
f o r  a  s in g l e  p a r t i c l e  (H in z e , 1 9 5 9 ). I f  th e  l e n g th  s c a l e  a n d  tim e  
s c a l e  o f  p a r t i c l e  a r e  s m a l le r  th a n  tu r b u le n c e  l e n g th  and  tim e  
s c a l e s ,  th e n  t h e  p a r t i c l e  v e l o c i t y  d i f f e r s  from  t h e  f lo w  v e l o c i t y  
o n ly  b y  th e  s e t t l i n g  v e l o c i t y .
wa -  w - wf s  ( 4 .5 )
Tooby e t  a l . ( 1 9 7 7 )  a rg u e d  t h a t  p a r t i c l e  R ey n o ld s  num ber i n s t e a d  o f  
f lo w  R ey n o ld s  num ber c h a r a c t e r i z e s  th e  f lo w  in  t h e  im m ed ia te  
v i c i n i t y  o f  a  su sp e n d e d  p a r t i c l e .  Thus, t h e  above e q u a t io n  i s  
m o d if ie d  by  th e  f l u i d  d ra g  and  g r a v i ty - in d u c e d  buo y an cy . I n  
u n s te a d y  f lo w s , th e  d is c r e p a n c y  i s  i n t e r p r e t e d  u s in g  d e la y  d i s t a n c e  
( H a t t o r i ,  1 9 6 9 ), tim e  la g  (B h a tta c h a ry a ,  1 9 7 1 ), and  th e  re d u c e d  
s e t t l i n g  v e l o c i t y  due to  n o n - l i n e a r  d ra g  f o r c e s  ( N ie ls e n ,  1 9 8 3 ) . 
H ow ever, N ie ls e n  (1983 ) showed t h a t  th e  a p p ro x im a tio n  o f  p a r t i c l e  
v e l o c i t y  by  e q u a t io n  ( 4 .5 )  i s  v a l i d  f o r  o s c i l l a t o r y  f lo w  w i t h in  a  
c e r t a i n  l e v e l  o f  a c c u ra c y  e s p e c i a l l y  f o r  c o a r s e  s e d im e n ts . 
S u b s t i t u t i n g  e q u a t io n  (4 .5 )  in to  e q u a t io n  ( 4 .4 ) ,  we have
a c
d t
ws f 3 (C + C ) + 3 [w *(C —  m p '  — 1 w v md z d z
+ C_>] -  _ _ (-w  C ) 
p d z  s
( 4 .6 )
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4 . 3  D i f f u s i v i t y  o f  suspended sed im ent c o n c e n tr a t io n
I t  h a s  b e e n  r e c o g n iz e d  t h a t  th e  t u r b u l e n t  d i f f u s i o n  o f  f l u i d  
momentum i s  r e s p o n s i b le  f o r  t h e  se d im e n t m ass t r a n s f e r  i n  a  f lo w  
f i e l d  ( e . g .  R ouse , 1939 , K a lin s k e  a n d  P ie n , 1 9 4 3 ). The c o r r e l a t i o n
t r
te rm  w C i n  th e  abo v e  e q u a t io n  r e f l e c t s  t h e  t u r b u l e n t  d i f f u s i o n  o f  
s e d im e n t m ass . A nalogy  to  th e  eddy v i s c o s i t y  f o r  f lo w , th e  
t u r b u l e n t  d i f f u s i o n  o f  s e d im e n t m ass i s  assum ed  to  b e  r e l a t e d  t o  th e  
g r a d i e n t  o f  mean c o n c e n t r a t io n  by eddy  d i f f u s i v i t y  t/ (O 'B r ie n ,  
1 9 3 3 ) .
» v  - + cp) ( 4 .7 )
The d i f f u s i v i t y  i s  assum ed to  be r e l a t e d  t o  eddy v i s c o s i t y  o f  f l u i d  
momentum t r a n s f e r  (V an o n i, 1 9 4 1 ).
v t s  “  “ 1 * " t  <4 - 8 >
Rouse (1939) show ed t h a t  th e  c o e f f i c i e n t  i s  c o n s ta n t  f o r  th e
s e d im e n ts  w i th  d ia m e te r  l e s s  th a n  1 /1 6  mm. V anoni (1941) s u g g e s te d  
-  1 f o r  r e l a t i v e l y  low  c o n c e n t r a t io n  o f  s m a ll  g r a i n s . Even 
th o u g h  t h e r e  i s  a m b ig u ity  ( e . g .  D obb ins , 1 9 4 3 ) , we assum e *» 1 f o r  
s i m p l i c i t y .  T hen , e q u a t io n  ( 4 .6 )  becom es
ac a , ,
^  • » s r H <c »  ♦  v  -  E V < %  -  V  -  n <0*  + V ] ( 4 ' 9)
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A v erage  o v e r  wave p e r i o d s .  Then, we have
8 C _ ,
• ws f ‘—  + - W  " - < V Cm> (4 -10)s r  d z  d z  w p d z  c m
I n  th e  e q u a t io n ,  we now h av e  a  new u n re s o lv e d  c o r r e l a t i o n  te rm  
<wwCp>. Kennedy an d  L o ch er (1972) e l a b o r a t e d  t h i s  p ro b le m , g iv in g  
a s y m p to t ic  s o l u t i o n s . They ch o o se  two e x tre m e  c a s e s : F a r ab o v e  th e
b e d , t u r b u l e n t  d i f f u s i o n  i s  n e g l i g i b l e  w h e re as  wave a d v e c t io n  i s  
n e g l i g i b l e  c lo s e  to  th e  b e d . Wang and  L ia n g  (1975) d e f in e d  a  
d i f f u s i v i t y  v f o r  p e r i o d i c  d i f f u s i o n  a n a lo g o u s  t o  f o r  t u r b u l e n t  
d i f f u s i o n .
dC
<-w C >  -  v  (4 .1 1 )
w P wW
T hen , e q u a t io n  ( 4 .1 0 )  becom es
acm
— tws f * Cm + ( v t  + yw > '— } "  0  <4 - 12>d z  r  c  d z
They assum ed t h a t  th e  v e l o c i t y  i s  s c a le d  w i th  v e r t i c a l  wave o r b i t a l  
v e l o c i t y  a n d  th e  l e n g th  s c a l e  i s  c o n s ta n t  f o r  th e  d i f f u s i v i t y .
H e re , L i s  a  c o n s ta n t  p r o p o r t i o n a l i t y  r e p r e s e n t in g  l e n g t h  s c a l e .
They s e t  L -  5 .1 5  m. T h is  m odel may be v a l i d  away fro m  th e  w ave 
b o u n d a ry  l a y e r  n e s te d  a t  th e  b o tto m  o f  c u r r e n t  b o u n d a ry  l a y e r ,  w here
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th e  p a th s  o f  a  wave o r b i t  i s  a b o u t  c o n s ta n t .  V ery  c lo s e  t o  th e  
b o tto m  b o u n d a ry , t u r b u l e n t  d i f f u s i o n  i s  d o m in an t o v e r  th e  d i f f u s i o n  
o f  s e d im e n ts  b y  wave o r b i t a l  m o tio n .
N ie ls e n  (1979 ) a rg u e d  t h a t  th e  a n a lo g y  o f  p e r i o d i c  s e d im e n t 
d i f f u s i o n  to  t h a t  o f  s te a d y  f lo w  u s u a l l y  f a i l s  p o s s i b l y  due to  th e  
c h a r a c t e r  o f  p e r i o d i c  c o n v e c t io n  o f  s e d im e n t m o tio n . Homma and 
H orikaw a (1963) r e l a t e s  th e  d i f f u s i v i t y  w i th  p o t e n t i a l  wave m o tio n .
i>w -  ( 3 /a ) * b 2w (4 .1 4 )
H ere , a  i s  a  c o n s ta n t  r e l a t e d  to  th e  d i s t a n c e  from  th e  b e d  an d  b i s  
th e  v e r t i c a l  wave d is p la c e m e n t .  Homma e t  a l .  (1965 ) l a t e r  
in t r o d u c e d  m ix in g  l e n g th  ap p ro a c h  even  i f  i t  i s  c o n f l i c t  i n  p h y s ic s  
b e c a u s e  p o t e n t i a l  f lo w  i s  a  n o n -m ix in g  f lo w .
"w “  K2 | ^ | 3 / d S 2  (4 .1 5 )
3 2  d z 2
B h a t ta c h a ry a  (1971) t r i e d  to  show th e  e x i s t e n c e  o f  a n  upw ard  
s e d im e n t d r i f t  c a u se d  b y  th e  p e r io d i c  com ponen ts . He g e ts  p e r io d i c  
d i f f u s i v i t y  i s  p r o p o r t i o n a l  to  t h e  s q u a re  o f  th e  d i s t a n c e  from  th e  
b ed .
•'w -  > 2  (4 .1 6 )
w 2  2 *h
H ere , i s  t h e  d e la y  t im e ,  H i s  t h e  wave h e i g h t ,  a n d  h  i s  th e  w a te r  
d e p th .
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N ie ls e n  (1979) s e e s  th e  d i f f u s i v i t y  a s  th e  c o m b in a tio n  o f  
t u r b u l e n t  d i f f u s i v i t y  an d  p e r i o d i c  d i f f u s i v i t y .  He show ed t h a t  u  
i s  n e g l i g i b l e  an d
-  rc » u * h * (1 -z /h )  ( 4 .1 7 )
He t e s t e d  t h i s  o v e r  v a r i a b l e  e m p i r ic a l  d i f f u s i v i t i e s . H is  
f o r m u la t io n  s u g g e s t s  t h a t  th e  d i s t a n c e  from  th e  b o tto m  i s  a  good 
l e n g th  s c a l e  b o th  f o r  th e  t u r b u l e n t  d i f f u s i o n  an d  f o r  th e  c o n v e c t io n  
by w av es. How ever, u s e  o f  f r i c t i o n  v e l o c i t y  i s  q u e s t io n a b le  b e c a u s e  
th e  f r i c t i o n  r e p r e s e n t s  th e  d i s s i p a t i o n  o f  t u r b u l e n t  e n e rg y  a t  th e  
b o tto m  b o u n d a ry . The f r i c t i o n  v e l o c i t y  a s  a  v e l o c i t y  s c a l e  h o ld s  
o n ly  f o r  th e  c a s e  o f  t u r b u l e n t  d i f f u s i o n .
B etw een  th e  b o tto m  b o u n d a ry  and th e  f r e e  s tr e a m  r e g io n ,  w h ich  i s  
th e  a c t i v e  zone  o f  su sp en d e d  se d im e n t t r a n s p o r t ,  th e  d i f f u s i o n  
p r o c e s s  i s  c o m p lic a te d :  A t a  c e r t a i n  h e ig h t  above th e  b o tto m , th e
r o l e  o f  wave o r b i t  i s  n o t  n e g l i g i b l e  an y  m ore. I n  a d d i t i o n ,  th e  
r o l e  o f  l e e  v o r t e x  becom es s i g n i f i c a n t  when b ed fo rm s a r e  p r e s e n t ,  
w hich  i s  th e  c a s e s  we e n c o u n te r  m ost f r e q u e n t l y  i n  th e  n a tu r e  ( e . g .  
N ie ls e n ,  1 9 7 9 ). The e n tr a in m e n t  o f  b o tto m  s e d im e n ts  a r e  r e l a t e d  to  
th e  s k in  f r i c t i o n .  Form d ra g  a f f e c t s  n o t  o n ly  th e  t u r b u l e n t  
d i f f u s i o n  o f  b o th  momentum and  se d im e n t c o n c e n t r a t io n  b u t  a l s o  th e  
b u r s t i n g  o f  s e d im e n ts  t r a p p e d  w i th in  th e  l e e  v o r t e x .  As b o tto m  
f r i c t i o n  i n c r e a s e s ,  fo rm  d ra g  d im in is h e s  and  th e  m oveab le  b ed  
c o n t r i b u t e s  to  th e  tu r b u le n c e  s t r u c t u r e .  The r o l e  o f  th e  l e e  v o r t e x  
d e c re a s e s  and  th e  t u r b u l e n t  d i f f u s i o n  i s  e n h an ced  w i th  th e  change  o f  
bed fo rm  i n to  th e  p la n e  b e d  due to  in c r e a s e d  f lo w  i n t e n s i t y .
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T hus, th e  d i f f u s i o n  o f  s e d im e n t c o n c e n t r a t io n  i s  r e l a t e d  to  th e  
v o r te x  s i z e  a s  w e l l  a s  th e  wave o r b i t s .  The s i z e  o f  v o r t e x  depends 
on  th e  d im e n s io n  o f  b e d fo rm s. We do n o t  h av e  a  good a p p re h e n s io n  o f  
t h e  b ed fo rm s w ith  v a r y in g  f lo w  c o n d i t io n s .  F o r th e  f i r s t  o r d e r  
a p p ro x im a tio n , we assum e th e  b e d  i s  p la n e  and  th e  r o l e  o f  s te a d y  
c u r r e n t  i s  s i g n i f i c a n t  so  t h a t  we may m in im ize  th e  r o l e  o f  p e r i o d i c  
a d v e c t iv e  m echanism  w hich  i s  a p p a re n t  f o r  th e  c a s e  o f  wave b o u n d a ry  
l a y e r .  We in t r o d u c e  a n o th e r  v e l o c i t y  s c a l e ,  V, f o r  th e  m o d i f i c a t i o n  
o f  t u r b u l e n t  d i f f u s i o n .  F ig u re  18 shows t h a t  th e  p r e d i c t e d  
c o n c e n t r a t io n  p r o f i l e  w i th o u t  th e  i n t r o d u c t i o n  o f  V i s  f a r  from  th e  
m easu red  p r o f i l e .  We s e t  V a s  a  f u n c t io n  o f  th e  g eo m etry  o f  b ed fo rm  
i n f e r r i n g  v o r te x  b u r s t i n g  a s  w e l l  a s  th e  wave a m p litu d e  r e p r e s e n t i n g  
c o n v e c t iv e  d i f f u s i o n .  The d e te r m in a t io n  o f  V th u s  d ep en d s  on  th e  
h y d ro d y n am ic  c o n d i t io n s .  T hen , th e  d i f f u s i v i t y  becom es
+ vw -  k (uA^ +  V) z f o r  z  Sw (4 .1 8 )
k ( u ^  + V) z f o r  z > Sw
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F ig u re  18 C o n c e n tra t io n  p r o f i l e .  The d o t t e d  l i n e  i s  th e  s lo p e  
g iv e n  b y  e x c lu d in g  m o d ify in g  v e l o c i t y  s c a l e ,  V. The 
s o l i d  l i n e  i s  th e  s lo p e  g iv e n  by  in c lu d in g  V.
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4 .4  S o lu t io n  fo r  mean c o n c e n tr a t io n
Add e q u a t io n  ( 4 .1 2 )  to  e q u a t io n  ( 4 .9 ) .  N e g le c t  se c o n d  o r d e r  
p e r i o d i c  te rm . T hen , we h av e
SC dC „ .
P - w -  p + 0 w *C = d («V*C ) (4 .1 9 )
W  s f d T  3 i W m 3 ^  P
Assume no se d im e n t f l u x  th ro u g h  u p p e r  b o u n d a ry . S u b s t i t u t i n g  
e q u a t io n  ( 4 .1 8 ) ,  e q u a t io n  ( 4 .1 2 )  becom es th e  g o v e rn in g  e q u a t io n  f o r  
mean c o n c e n t r a t io n .
SC
Ws f * Cm + K<u * l + V> z *—  "  0  f o r  z  < ( 4 .2 0 )
Sz
and
SC
ws f * Cm + K (u*2+ z *  "  0  f o r  z “  5w ( 4 .2 1 )dz
The s o l u t i o n  i s
- ws f /  {/c* (u^_1+V) ]
Cn (z )  -  Cm( z r ) . ( z  /  z r ) f o r  z ^  Sw ( 4 .2 2 )
and
- w f /  { « • (u* 9 +V )}
Cm(z )  -  W (z  /  V  f o r z  *  «w (4 -2 3 )
H e re , we h a v e  to  s e t  r e f e r e n c e  c o n c e n t r a t io n  C (z  ) .m r '
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4 .5  D e te rm in a t io n  o f  m odel p a ra m e te r s  from  f i e l d  d a ta
The m odel s t a r t s  w i th  th e  a s su m p tio n  t h a t  th e  in s ta n ta n e o u s
su sp e n d e d  s e d im e n t  c o n c e n t r a t io n s  r e s p o n d  to  th e  in s ta n ta n e o u s
b o tto m  s h e a r  s t r e s s  e x e r t e d  by th e  f lo w . To i n v e s t i g a t e  th e
v a l i d i t y  o f  t h i s  a s su m p tio n , c r o s s - c o r r e l a t i o n s  b e tw e e n  th e
c o n c e n t r a t io n  and  th e  s q u a re d  v e l o c i t y ,  w h ich  r e p r e s e n t
in s ta n ta n e o u s  s h e a r  s t r e s s ,  a r e  o b ta in e d .  F o r th e  h ig h -e n e rg y
e n v iro n m e n t, t h e  c o r r e l a t i o n s  a r e  h ig h  and  h a v e  n e a r - z e r o  tim e  l a g
( F ig u r e  1 9 ) . F o r  th e  lo w -e n e rg y  c o n d i t io n ,  we c a n  h a r d l y  s e e  th e
c o r r e l a t i o n  a n d  th e  l a g  betw een  b o tto m  s h e a r  s t r e s s  an d  su sp en d e d
s e d im e n t  c o n c e n t r a t io n  i s  a p p a re n t  (F ig u re  2 0 ) .  T h is  im p l ie s  t h a t
th e  u s e  o f  t h e  d i f f u s i v i t y  g iv e n  i n  th e  m odel c a n  o n ly  b e  u s e f u l
u n d e r  h ig h  e n e rg y  c o n d i t io n s .  B u t, th e  c r o s s - c o r r e l a t i o n s  b e tw een
th e  su sp e n d e d  se d im e n t c o n c e n t r a t io n s  a t  d i f f e r e n t  v e r t i c a l
p o s i t i o n s  show , th e  l a g  betw een  C ^ 's  a r e  s m a ll  u n d e r  t h e  low  e n e rg y
c o n d i t io n  ( F ig u r e  21) a n d  in c r e a s e s  away from  th e  b o tto m  u n d e r  h ig h
e n e rg y  c o n d i t io n  (F ig u re  2 2 ) . T h is  im p l ie s  t h a t  we h a v e  to  be
c a r e f u l  a b o u t u s in g  th e  d i f f u s i v i t y  g iv e n  i n  t h i s  s tu d y  f o r  th e
m odel o f  p e r i o d i c  c o n c e n t r a t io n .  The m odel o f  C n e e d s  a
P
d i f f u s i v i t y  w h ic h  r e s o lv e s  th e  tim e  l a g .
The mean c o n c e n t r a t io n s ,  how ever, v a r i e s  w i th  th e  a v e ra g e  s h e a r  
s t r e s s  in  g e n e r a l .  F ig u re  23 shows th e  v a r i a t i o n  o f  a v e ra g e  s q u a re d  
v e l o c i t i e s  (show n w ith o u t  any m ark e r)  w ith  c o n c e n t r a t io n s  ( l i n e s  
w i th  m ark e rs )  a lm o s t confo rm  u n d e r  low  e n e rg y  c o n d i t i o n s .  The h ig h  
e n e rg y  c o n d i t i o n  a ls o  show s th e  same te n d e n c y  ( F ig u re  24) . From 
t h i s ,  th e  u se  o f  a  tim e  - i n v a r i a n t  d i f f u s i v i t y  c a n  be  v a l i d a t e d  f o r
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F ig u re  19 C r o s s -c o r r e la t io n s  betw een squared  sp eed  and suspended
sed im en t c o n c e n tr a t io n , storm  c o n d it io n
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F ig u re  20 C r o s s - c o r r e l a t i o n s  b e tw e en  s q u a re d  sp e e d  and  su sp e n d e d  
se d im e n t c o n c e n t r a t io n ,  f a i r  w e a th e r  c o n d i t io n
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Figure 21 C r o s s -c o r r e la t io n s  b etw een  the su sp en d ed  sed im ent
c o n c e n tr a t io n s  a t  d i f f e r e n t  l e v e l s ,  f a i r  w eather
c o n d it io n .
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F ig u re  22 C r o s s -c o r r e la t io n s  betw een  th e  suspended  sed im en t
c o n c e n t r a t io n s  a t  d i f f e r e n t  l e v e l s ,  s to rm  c o n d i t i o n .
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F ig u r e  23 V a r ia t io n  o f  tim e averaged  squared sp e e d  and suspended
s e d im e n t c o n c e n t r a t io n s ,  f a i r  w e a th e r  p o r t i o n .  H ere ,
2 2s q u a re d  sp e e d  i s  i n  cm / s e c  and  c o n c e n t r a t io n s  a r e  in  
Kg/m3 .
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F ig u re  24 V a r ia t io n  o f  tim e averaged  squared  sp eed  and suspended
s e d im e n t c o n c e n t r a t io n s ,  s to rm  p o r t i o n .  H e re , s q u a re d
2 2 3s p e e d  i s  i n  cm / s e c  and  c o n c e n t r a t io n s  a r e  i n  Kg/m .
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th e  p r e d ic t io n  o f  mean c o n c e n tr a t io n  Cm.
I n  a d d i t i o n  to  th e  t u r b u l e n t  d i f f u s io n ,  th e  c o n t r i b u t i o n s  from  
o th e r  s o u r c e s  f o r  th e  d i f f u s i o n  a r e  a c c o u n te d  f o r  th e  m odel 
d e v e lo p e d . These e f f e c t s  a r e  r e s o lv e d  in to  t h e  v e l o c i t y  s c a l e  V. 
From t h e  v e r t i c a l  p r o f i l e  o f  su sp e n d e d  s e d im e n t  c o n c e n t r a t i o n s ,  th e
ws fs lo p e  i n  l o g - lo g  s c a l e  p l o t  i s  - _____________ . C o rre s p o n d in g  D -  0 .1
k (u A 2  + V)
mm, th e  s e t t l i n g  v e l o c i t y  i s  s e t  to  be  0 .7  c m /s e c . From th e  
l i n e a r  r e g r e s s i o n ,  V i s  e s t im a te d .
V -  - 0 .2 5  uA 1  + 1 .4  (4 .2 4 )
2
The r e g r e s s i o n  c o e f f i c i e n t  r  i s  0 .8 6 .
The e n e rg y  c o n d i t io n s  a r e  b e l i e v e d  to  be r e p r e s e n te d  by  th e  
bo tto m  f r i c t i o n .  T hus, th e  e s t im a te d  V i s  v ie w e d  a s  a  f u n c t i o n  o f
u ^  ( F ig u r e  2 5 ) . U nder th e  low e n e rg y  c o n d i t i o n ,  th e  t o t a l
d i f f u s i o n  i s  g r e a t e r  th a n  th e  t u r b u l e n t  d i f f u s i o n .  When th e  low 
e n e rg y  c o n d i t io n s  p r e v a i l ,  t h e r e  a lw ays e x i s t  b ed fo rm s w h ich  c a u se  
th e  e n tra p m e n t  o f  su sp e n d e d  s e d im e n ts  w i th in  l e e  v o r t i c e s .  The 
b u r s t i n g  o f  l e e  v o r te x  i s  a  c o m p lic a te d  p ro c e d u re  ( e .g .  S l e a t h ,
1 9 8 2 ). The i n t e r v a l  o f  b u r s t i n g  i s  b e l i e v e d  to  b e  a l i g n e d  w i th  th e
flo w  r e v e r s a l .  How ever, we do n o t  have th e  q u a n t i t a t i v e  in f o r m a t io n  
on th e  b u r s t i n g  phenom enon.
U nder th e  h ig h  e n e rg y  c o n d i t io n ,  th e  d i f f u s i o n  i s  s m a l le r  th a n  
tu r b u l e n t  d i f f u s i o n .  R e s u l ts  from  a tm o s p h e r ic  s t u d i e s  (M e llo r  and
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F ig u r e  25 M o d ify in g  v e l o c i t y  s c a l e ,  V, v e r s u s  th e  maximum b o tto m  
f r i c t i o n  v e l o c i t y ,  u ^ .  B oth  h a v e  th e  u n i t s  o f  c m /s e c .
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Yamada, 1974) h av e  b e e n  a p p l i e d  b y  many ( e .g .  Adams and  W e a th e r ly , 
1981) to  m odel th e  e f f e c t  o f  d e n s i t y  s t r a t i f i c a t i o n  i n  b e n th i c  
b o u n d a ry  l a y e r s . E v a lu a t in g  th e  e f f e c t s  o f  s t r a t i f i c a t i o n  due  to  
s u s p e n d e d  se d im e n t c o n c e n t r a t io n  r e q u i r e s  t h a t  b o th  th e  v e l o c i t y  
p r o f i l e  and  th e  su sp e n d e d  se d im e n t c o n c e n t r a t io n  p r o f i l e  be  
s im u l ta n e o u s ly  m o d e lle d . The M onin-Obukov l e n g th  s c a l e  an d  th e  
g r a d i e n t  R ic h a rd s o n  num ber a r e  u s u a l l y  u se d  to  m o d ify  th e  eddy  
v i s c o s i t y  p r o f i l e .  The e v a lu a t io n ,  how ever, i s  n o t  s t r a ig h t f o r w a r d  
b e c a u s e  th e  p r o c e s s  a l s o  p ro d u c e s  m oveable  b e d  ro u g h n e s s . G ra n t e t  
a l .  (1 9 8 3 ) n o te  t h a t  ev en  th o u g h  d a ta  from  th e  CODE w in te r  s to rm  
e x p e r im e n t  showed h ig h  su sp en d ed  se d im e n t c o n c e n t r a t io n s ,  no 
s i g n i f i c a n t  m o d i f ic a t io n  i n  th e  v e l o c i t y  p r o f i l e  was o b s e rv e d . I n  
t h i s  c o n te x t  u se  o f  a  m o d ify in g  v e l o c i t y  s c a l e ,  V, o n ly  f o r  s e d im e n t 
c o n c e n t r a t io n s  i s  f e a s i b l e .  A t th e  o n s e t  o f  s to rm , th e  b e d fo rm s  a r e  
w ashed o u t  and th e  tu rb u le n c e  becom es th e  r e l e v a n t  means f o r  th e  
d i f f u s i o n  o f  s e d im e n ts .  B ecause th e  m easu rem en ts w ere  c o n f in e d  to  
th e  b o tto m  1  m e te r ,  we e x p e c t  to  h a v e  n e g l i g i b l e  e f f e c t  o f  wave 
d i f f u s i o n  p ro p o se d  by  Wang and  L ia n g  (1 9 7 5 ).
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4 .6  R eferen ce  c o n c e n tr a t io n
The s o l u t i o n  o f  th e  g o v e rn in g  e q u a tio n  f o r  th e  mean 
c o n c e n t r a t io n  r e q u i r e s  th e  s p e c i f i c a t i o n  o f  a  r e f e r e n c e  
c o n c e n t r a t io n  Cr  a t  a r e f e r e n c e  h e ig h t  z r * Lane and K a l in s k e  (1941) 
assum ed  t h a t  th e  c o m p o s itio n  an d  c o n c e n t r a t io n  o f  su sp e n d e d  
se d im e n ts  n e a r  t h e  b ed  a r e  r e l a t e d  to  th e  c o m p o s i t io n  an d  
c o n c e n t r a t io n  o f  b e d  m a t e r i a l s  and  to  th e  h y d r a u l i c  c o n d i t i o n s  o f  
th e  t r a n s p o r t i n g  sy s te m . They r e l a t e  r e f e r e n c e  c o n c e n t r a t i o n  to  th e  
b e d  c o n c e n t r a t io n  and th e  s ta n d a r d  d e v i a t i o n  o f  v e r t i c a l  v e l o c i t y  
f l u c t u a t i o n s .  From e m p ir ic a l  d a ta ,  th e y  d e te rm in e d  th e  
r e l a t i o n s h i p s  b e tw e e n  u ^  and  Cr  /  C^.
E i n s te in  (1 9 5 0 ) re a s o n e d  t h a t  th e  r e l a t i o n s h i p  g o v e rn in g  th e  
c o n c e n t r a t io n  a t  th e  low er b o u n d a ry  o f  s u s p e n s io n  c o u ld  b e  fo u n d  by 
s e t t i n g  up an  e x p r e s s io n  f o r  t h e  exchange o f  se d im e n t p a r t i c l e s  
b e tw e e n  su sp e n d e d  lo a d  and b e d lo a d  l a y e r s :  He s e t  th e  to p  o f  th e
b e d lo a d  l a y e r  a s  2»Ds> Then, th e  w e ig h t o f  p a r t i c l e s  p e r  u n i t  a r e a
qbi s  p r o p o r t i o n a l  t o  __  w here q^ i s  th e  im m ersed  b e d lo a d  r a t e  i n
“ b
w e ig h t  p e r  u n i t  t im e  p e r  u n i t  w id th  and u^ i s  th e  a v e ra g e  b e d lo a d  
t r a n s p o r t  v e l o c i t y .  He a g a in  assum ed u^ i s  p r o p o r t i o n a l  b o tto m  
f r i c t i o n  v e l o c i t y  u ^ . Thus,
%
VU*
(4 .2 5 )
Y a l in  (1977) r e a s o n e d  t h a t  b e d lo a d  c o n c e n t r a t i o n  i s  a  f u n c t i o n  
o f  th e  l i f t  f o r c e  and  th e  w e ig h t  o f  s e d im e n t g r a i n s .  An a s su m p tio n
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was made t h a t  th e  num ber o f  g r a i n  l i f t e d  from  th e  b e d  s u r f a c e  
i n c r e a s e s  p r o p o r t i o n a l l y  w i th  e x c e s s  s h e a r  s t r e s s  S.
N -  0 .6 3 5 * S (4 .2 6 )
H e re , N i s  t h e  num ber o f  g r a i n s  i n  m o tio n  and  S = T - 1 w here
T
C
t  i s  c r i t i c a l  s h e a r  s t r e s s .  I n  te rm s  o f  c o n c e n t r a t io n ,  t h i s  c
e x p re s s io n  may b e  c o n v e r te d  i n t o
Cr  -  7 *S.Cb (4 .2 7 )
w here y  i s  a n  e m p i r ic a l  c o e f f i c i e n t .  S m ith  (1977) m o d if ie d  Y a l in 's  
id e a  th ro u g h  th e  c o r r e c t i o n  f o r  th e  c a s e  o f  i n f i n i t e  S .
7*cl *S
C -  b (4 .2 8 )
1 + y* S
S m ith  and McLean (1977) gave y  -  0 .0 0 2 4  from  m easu rem en ts  i n  th e  
C olum bia r i v e r .  G lenn (1983 ) c a l c u l a t e d  th e  same o r d e r  v a lu e  y  -  
0 .0 0 3  th ro u g h  th e  i n v e s t i g a t i o n  o f  th e  d a ta  o f  K a lk a n is  (1964) and 
A bou-S eida  (1 9 6 5 ) .  D rake an d  C acch io n e  (1985) g o t  lo w e r  v a lu e s  f o r
7  f o r  c o h e s iv e  s e d im e n ts . The e s t im a t io n s  o f  7  v a ry  fro m  th e  o rd e r
-2 -5o f  10 (R a c h e l and S m ith , 1986) to  th e  o r d e r  o f  10 ( S te r n b e r g  e t
a l . , 1 985 ), d e p e n d in g  on b o th  th e  hydrodynam ic  c o n d i t i o n s ,  th e
se d im e n t c h a r a c t e r i s t i c s ,  and  th e  g e o m e tr ie s  o f  b e d fo rm s .
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S h i e t  a l .  (1985) a l s o  n o t i c e d  th e  d e p a r tu r e  o f  7  from  t h e  v a lu e  
o f  S m ith  and  M cLean. They r e f e r r e d  th e  o b s e r v a t io n  r e s u l t s  o f  L e s h t 
e t  a l .  (1980) an d  C la rk  e t  a l .  (1982) o f  a  n e a r - l i n e a r  r e l a t i o n s h i p  
b e tw e e n  wave o r b i t a l  v e l o c i t y  and  su sp en d ed  s e d im e n t c o n c e n t r a t i o n  
a n d  re a s o n e d  t h a t  th e  r e f e r e n c e  c o n c e n t r a t io n  v a r i e s  l i n e a r l y  w ith  
t h e  s q u a re  r o o t  o f  th e  e x c e s s  s h e a r  s t r e s s .
Cr  -  7 * V S 1 / 2  ( 4 .2 9 )
V in c e n t  e t  a l .  (1981) v iew ed  th e  d a ta  o f  K a lk a n is  (1964 ) and  
A b o u -S e id a  (1965) o f  th e  m ass o f  san d  d e p o s i t e d  i n  th e  t r a y s  a s  a 
m ea su re  o f  c o n c e n t r a t io n  o f  s a n d  i n  s u s p e n s io n  n o t  a s  a  m ea su re  o f  
t h e  t r a n s p o r t .  They d e f in e d  an  a v e ra g e  volum e c o n c e n t r a t io n  C 
w h ic h  h a s  u n i t  o f  cm. They d e te rm in e d  th e  e m p i r i c a l  r e l a t i o n s h i p
C * ( t )  -  (0 .0 9  ± 0 .0 3 )  ©e x ( t )  ( 4 .3 0 )
w h e re  9 i s  th e  e x c e s s  S h ie ld s  p a ra m e te r .  T h is  r e s u l t  a p p e a r s  to6X
b e  s u p p o r t iv e  o f  S m ith 's  (1977) e x p re s s io n .  H ow ever, t h e i r  
e x p r e s s io n ,  e q u a t io n  ( 4 .2 5 ) ,  i s  d im e n s io n a l ly  i n  c o n f l i c t  s i n c e  C 
i s  th e  d im e n s io n  o f  [L] w h ereas  9 i s  d im e n s io n le s s .  We m a in ta in6X
t h e i r  i n t e r p r e t a t i o n  o f  th e  d a ta  o f  K a lk a n is  (1964 ) and  A b o u -S e id a  
( 1 9 6 5 ) ,  b u t  we n o rm a l iz e  C w i th  th e  th ic k n e s s  o f  b e d lo a d  l a y e r  
w h ic h  i s  g iv e n  by  2*Ds< V in c e n t e t  a l .  (1981) ch o o se  o n ly  ro u g h  
t u r b u l e n t  c a se  (Re >  3 5 ) . H e re , Re i s  g r a i n  R ey n o ld s  num ber. A f te r  
n o r m a l iz in g  th e  c o n c e n t r a t io n  by  th e  b e d lo a d  l a y e r  t h i c k n e s s ,  we 
a l s o  ca n  g iv e  th e  sm ooth  t u r b u l e n t  c a se  th e  same f o r m u la t io n .  From
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th e  r e l a t i o n s h i p s  b e tw een  th e  n o rm a liz e d  c o n c e n t r a t io n  and  th e  
e x c e s s iv e  S h ie ld s  p a ra m e te r  ( F ig u re  2 6 ) ,  we g e t
Cr  -  O.O9*0e x  (4 .3 0 )
The b e d  a g i t a t i o n  i s  r e l a t e d  to  s h e a r  s t r e s s  e x e r t e d  on th e  
b o tto m . L in e a r  r e l a t i o n s h i p s  b e tw e e n  r e f e r e n c e  c o n c e n t r a t io n s  and  
s h e a r  s t r e s s e s  a r e  f o rm u la te d  e i t h e r  u s in g  e x c e s s  s h e a r  s t r e s s  
( e q u a t io n  4 .2 8 )  o r  S h ie ld s  p a ra m e te r  8 . P r o p o r t i o n a l i t y  w i th  th e  
s q u a re  r o o t  o f  s h e a r  s t r e s s  h a s  a l s o  b e e n  s u g g e s te d ,  a s  i n  e q u a t io n  
( 4 .2 9 ) .
C om bining e q u a t io n s  (4 .2 2 )  and ( 4 .2 3 ) ,  r e f e r e n c e  c o n c e n t r a t io n  
i s  c a l c u l a t e d .
C (z )
Cm( z r ) “  ______________________ “ ______________________________  ( 4 .2 7 )
(Sw/ zr ) ‘Ws f / K(u* l+V) (z/5W) -wsfA < u*2+V>
B oth  th e  e x c e s s  s h e a r  s t r e s s  S and  S h ie ld s  p a ra m e te r  6  a r e
c a l c u l a t e d  s e t t i n g  th e  c r i t i c a l  f r i c t i o n  v e l o c i t y  uAc*» 0 .7 5  cm /sec
f o r  Ds “ 0 .1  mm. The b e d  c o n c e n t r a t io n  C ^- 0 .6 5 . The d e n s i ty  o f
3
se d im e n ts  pg“  2 .6 5  g/cm  .
F ig u re  27 shows th e  e s t im a te d  c o e f f i c i e n t  y  f o r  th e  c a s e  o f  
l i n e a r  r e l a t i o n s h i p s  o f  r e f e r e n c e  c o n c e n t r a t io n  w ith  S h ie ld s  
p a ra m e te r  8 . The c o e f f i c i e n t  y  u n d e r  low  e n e rg y  c o n d i t io n  i s  h ig h  
by  an  o r d e r  com pared  w ith  7  u n d e r  h ig h  e n e rg y  c o n d i t io n .  The same 
t r e n d  i s  s e e n  f o r  e x c e s s  s h e a r  s t r e s s  S (F ig u r e  2 8 ) .  F o r  t h e
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F igu re  26 R eferen ce  c o n c e n tr a t io n  v e r s u s  e x c e s s  S h ie ld s  p aram eter.
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F igu re  28 The r e su sp e n s io n  c o e f f i c i e n t ,  -y, fo r  Cr  a  S.
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p r o p o r t i o n a l i t y  to  th e  s q u a re  r o o t  o f  s h e a r  s t r e s s ,  v a lu e s  o f  7  
from  u s in g  e i t h e r  (F ig u re  29) o r  (F ig u r e  30) v a ry  b y  two
o r  t h r e e  f a c t o r s  w i th  d i f f e r e n t  e n e rg y  c o n d i t io n s .  The a v e ra g e  
v a lu e s  o f  7  a r e  t a b u l a t e d  i n  T a b le  6 . C o n s id e r in g  th e  v a r i a b i l i t y  
o f  th e  v a lu e s  o f  7  from  th e  d i f f e r e n t  fo rm u la e , i t  i s  h a rd  t o  s e t  
th e  d e f i n i t e  p r e f e r e n c e  o f  any s p e c i f i c  fo rm u la . I n  c o n s i s t e n c e  
w ith  th e  l a b o r a to r y  r e s u l t  g iv e n  by  e q u a t io n  ( 4 .3 1 )  a s  th e  l i n e a r  
r e l a t i o n s h i p s  o f  th e  r e f e r e n c e  c o n c e n t r a t io n ,  C , w i th  s h e a r  s t r e s s  
i n  te rm s  o f  S h ie ld s  p a ra m e te r ,  9 , we c h o se  th e  l i n e a r  r e l a t i o n s h i p  
o f  Cr  w i th  e x c e s s  s h e a r  s t r e s s ,  S , g iv e n  by e q u a t io n  ( 4 .2 8 ) .
F o r t h e  low e n e rg y  c o n d i t io n ,  th e  v e r t i c a l  v a r i a t i o n  o f  th e  
c o e f f i c i e n t  7  shows no a p p a re n t  r e l a t i o n s h i p s  ( F ig u r e  3 1 ) . The 
c o e f f i c i e n t  7  f o r  th e  h ig h  e n e rg y  c o n d i t io n ,  h o w e v e r, shows th e  
e s t im a te s  do n o t  v a ry  a p p re c ia b ly  w i th  d i f f e r e n t  s e n s o r  h e ig h t s  
(F ig u re  3 2 ) .  T h is  n e a r- in d e p e n d e n c e  o f  h e ig h t  above  b o tto m  u n d e r  
h ig h  e n e rg y  c o n d i t io n  s u g g e s ts  t h a t  an y  d e d u c tio n  a b o u t  7  from  f a i r  
w e a th e r  d a t a  i s  q u e s t io n a b le .  A lso  a p p a re n t  i n  F ig u r e  32 i s  th e  
re d u c e d  7  f o r  h o u r 36 w h ich  c o r re s p o n d s  to  th e  r a p i d  in c r e a s e  i n  
f lo w  i n t e n s i t y .  One p o s s i b i l i t y  i s  t h e  a rm o rin g  e f f e c t  w ith  
in c r e a s e d  b o tto m  f r i c t i o n .  As Drake a n d  C acch io n e  (1989) n o te d ,  th e  
c o e f f i c i e n t  7  d e c re a s e s  w i th  i n c r e a s i n g  b o tto m  s h e a r  s t r e s s  ( F ig u r e  
3 3 ) . T h is  ten d e n c y  i s  r e t a i n e d  o n ly  f o r  th e  c a s e  when th e  b o tto m  
s h e a r  s t r e s s  ex ceed s  a  c e r t a i n  v a lu e ,  r e p r e s e n t in g  h ig h  e n e rg y  
c o n d i t io n .  T h is  im p l ie s  th e  p o s s ib l e  change o f  t h e  s u p p ly  o f  b e d  
m a t e r i a l s  i n t o  th e  w a te r  colum n due t o  th e  a rm o rin g  e f f e c t  w h ich  
in c r e a s e s  w i th  i n c r e a s in g  b o tto m  f r i c t i o n  (D rake a n d  C acch io n e ,
1 989 ), B u t , th e  c o r r e l a t i o n  c o e f f i c i e n t  r ^  i s  l e s s  th a n  0 . 6 .  T hus,
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F igu re  29 The r e su sp e n s io n  c o e f f i c i e n t ,  7 , fo r  Cr a  9
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T a b le  6 . F o rm u la tio n  f o r  r e f e r e n c e  c o n c e n t r a t io n  an d  th e  
c o e f f i c i e n t  7
F o rm u la tio n F a i r  W eather S torm
C -  7  0 0 .0 4 0 0 .0 0 6r  ' ex
7 cb S
C - 0 . 0 0 2 0 .0 0 0 3
1 + 7  Cb S 
c -  7 e1/ 2 0 . 0 2 0 0 .0 0 8r  ' ex  
Cr -  7  Cb SV 2 0 .0 0 4 0 . 0 0 2
r ,  -  T* « b , max c r
6X"  (Ps  - P> g Ds
* S -  ( r / r c r ) - 1
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F ig u re  31 V a r i a t i o n  o f  th e  r e s u s p e n s io n  c o e f f i c i e n t ,  7 , w i th  OBS 
s e n s o r  h e ig h t ,  f a i r  w e a th e r  p o r t i o n .
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F ig u re  32 V a r ia t io n  o f  th e  r e su sp e n s io n  c o e f f i c i e n t ,  7 , w ith  OBS
s e n s o r  h e ig h t ,  s to rm  p o r t i o n .  The i s o l a t e d  l i n e  w ith  low 
v a lu e s  in  th e  o r d e r  o f  lO "’’ c o rre s p o n d s  t o  H our 36.
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F ig u re  33 The r e s u s p e n s io n  c o e f f i c i e n t ,  y ,  v e r s u s  th e  maximum 
b o tto m  f r i c t i o n  v e l o c i t y  u*^ ( c m /s e c ) .
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i t  i s  u n s a fe  to  s e t  a  f o r m u la t io n  f o r  t h i s  r e l a t i o n s h i p s  a t  t h i s  
s t a g e .  We need  m ore d a ta  to  r e v e a l  t h i s  r e l a t i o n s h i p s .  I n  t h i s  
c o n te x t ,  th e  u s e  o f  th e  a v e ra g e  v a lu e  0 .0 0 0 3  f o r  th e  c o e f f i c i e n t  7  
u n d e r  h ig h -e n e rg y  c o n d i t io n  a n d  0 . 0 0 2  f o r  7  u n d e r  lo w -e n e rg y  
c o n d i t i o n  seems t o  b e  a p p r o p r i a t e .
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4 .7  R e s u lts  and d i s c u s s io n
The m ean c o n c e n t r a t io n  m odel i s  t e s t e d  u s in g  G le n n 's  (1983 ) d a ta  
f o r  v a r i a b l e  wave c o n d i t io n s  w hich  i s  t a b u l a te d  i n  T a b le  7 . The 
b o tto m  c o n c e n t r a t io n s  i n c r e a s e  w ith  i n c r e a s i n g  s h e a r  s t r e s s e s  
( F ig u r e  3 4 ) .  The c o n c e n t r a t io n s  f a r  away from  th e  b o tto m  i n c r e a s e  
w i th  d e c r e a s in g  s h e a r  s t r e s s e s .  T h is  i s  b e c a u se  o f  th e  r e l a t i v e  
i n c r e a s e  o f  th e  d i f f u s i o n  i n  c u r r e n t  bo u n d ary  l a y e r  u n d e r  low  wave 
c o n d i t io n .
F o r th e  f a i r  w e a th e r  p o r t i o n ,  d a ta  in  T a b le  4 i s  a p p l i e d .  The 
p r e d i c t e d  c o n c e n t r a t io n s  a t  th e  h e i g h t  15 cm, 35 cm, 65 cm an d  105 
cm a r e  com pared  w ith  t h e  m easu rem en ts (F ig u re  35) . The p r e d i c t i o n  
re p ro d u c e s  th e  p r o f i l e  w i th in  an a c c e p ta b le  ra n g e  o f  e r r o r  o n ly  f o r  
t h e  f i r s t  8  h o u r  s a m p lin g s .  From h o u r s  12 to  4 0 , th e  o v e r e s t im a t io n  
a t  th e  b o tto m  and to p  a n d  th e  u n d e r e s t im a t io n  a t  t h e  m id d le  a r e  
a p p a r e n t .  B ecause th e  m odel does n o t  in c lu d e  any  a d v e c t io n  te rm  and  
t h e r e  c o u ld  b e  p o s s ib l e  e r r o r  in  some o f  th e  m ea su rem e n ts , th e  m odel 
d o e s  n o t  g u a ra n te e  th e  p r e d i c t i o n  o f  su sp en d e d  s e d im e n t  
c o n c e n t r a t i o n  u nder t h e  low  e n e rg y  c o n d i t io n .  B o th  th e  su sp e n d e d  
s e d im e n t c o n c e n t r a t io n  a n d  th e  c u r r e n t  v e l o c i t y  u n d e r  f a i r  w e a th e r  
c o n d i t io n  i s  low by an  o r d e r  o f  m ag n itu d e  com pared  w i th  th o s e  u n d e r  
s to rm  c o n d i t io n ,  w hich r e s u l t s  tw o - o rd e r s  o f  m ag n itu d e  low i n  f l u x .  
T h u s , th e  d is c re p a n c y  b e tw e e n  th e  p r e d i c t i o n  and  t h e  m easu rem en t 
u n d e r  lo w -e n e rg y  c o n d i t io n  i s  i n s i g n i f i c a n t  f o r  t h e  s tu d y  o f  n e t  
t r a n s p o r t  o f  su sp en d ed  s e d im e n ts .
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T ab le  7 . Model in p u t  param eters (G lenn , 1983)
Dg -  0 .0 1  (cm)
z o
(cm)
Z 1
(cm)
U* 1
(c m /se c )
u * 2
( c m /s e c )
*w
(cm)
S m all
wave
0 .5 1 4 1 .7 9 7 . 8 8 4 . 9 7 1 5 .1
Medium
wave
0 .1 6 2 1 .4 1 8 . 7 8 4 . 6 9 16 . 8
L a rg e
wave
0 .1 7 0 2 . 27 1 1 .3 0 5 . 2 8 2 1 . 8
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F ig u re  34 T e s t  ru n  o f  mean c o n c e n t r a t io n  m odel f o r  d i f f e r e n t  w ave 
c o n d i t i o n s .
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V.
1 0  i
0.0001 0.001
Concentration
0.01
Small wave 
Medium wave
 Large wave
F igu re  35 P r e d ic te d  suspended sed im en t c o n c e n tr a t io n s , f a i r  w eath er
p o r t io n .
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F o r th e  s to rm  w e a th e r  p o r t i o n ,  th e  v a lu e s  in  T a b le  5 becom e th e  
i n p u t  v a r i a b l e s .  The p r e d i c t i o n  a lm o s t  m atches th e  m easu rem en t 
( F ig u r e  36) .  The o v e r e s t im a t io n  a t  h o u r  36 i s  a p p a r e n t .  T h is  b u r s t  
c o in c id e s  w ith  v e r y  s t r o n g  c u r r e n t  (~  35 cm /se c )  w i th  i n c r e a s i n g  
w ave e n e rg y , r e p r e s e n t in g  o n s e t  o f  th e  s to rm . The s t r o n g  c u r r e n t  
r e s u l t s  in  h ig h  u ^  (~ 5 cm / s e c )  w h ich  i s  r e s p o n s ib le  f o r  th e  
d i f f u s i o n  o f  s e d im e n ts  i n s i d e  c u r r e n t  b o u n d a ry  l a y e r  i n  th e  m odel 
d e v e lo p e d  i n  t h i s  s tu d y .  T h is  c o u ld  b e  th e  l i m i t a t i o n  o f  t h i s  
m o d e l. When th e  c u r r e n t  becom es s t r o n g ,  p a r t i c l e  i n t e r a c t s  t o  
s u p p r e s s  th e  d i f f u s i o n  (Adams and  W e a th e r ly , 1 9 8 1 ), A rm oring  e f f e c t  
i s  a l s o  i n c r e a s in g  w ith  r a p i d  in c r e a s e  i n  b o tto m  s h e a r  s t r e s s  (D rake 
a n d  C a c c h io n e , 1 9 8 9 ) . The a p p l i c a b i l i t y  o f  t h i s  m odel i s ,  
t h e r e f o r e ,  w ide  e x c e p t  f o r  th e  c a se  o f  r a p id  change i n  hyd rodynam ic  
c o n d i t i o n s .
- 1 1 0  -
F ig u r e  36 P r e d ic te d  suspended sed im en t c o n c e n tr a t io n s ,  storm
p o r t io n .
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5. CROSS-SHORE SEDIMENT TRANSPORT
5 .1  I n t r o d u c t io n
T he d i r e c t i o n  a n d  m agn itude  o f  t im e -a v e ra g e  s e d im e n t t r a n s p o r t  
i s  t h e  im p o r ta n t  f a c t o r  in  th e  d e te r m in a t io n  o f  th e  s e d im e n t  b u d g e t .  
O nsho re  t r a n s p o r t  i s  f o rc e d  m a in ly  by wave asym m etry an d  som etim es 
by u p w e l l in g .  G r a v i ty  p u l l i n g ,  d o w n w ellin g , a m p litu d e  m o d u la te d  
w aves d u e  to  wave g r o u p in e s s  a r e  known t o  p ro v id e  o f f s h o r e  e s c a p e  
m echan ism . T id a l  c u r r e n t s  c a n  b e  in  e i t h e r  o n sh o re  o r  o f f s h o r e  
d i r e c t i o n s .  The r e s u l t i n g  d i r e c t i o n  o f  n e t  t r a n s p o r t  i s  d e te rm in e d  
by t h e  c o m b in a tio n s  o f  th e s e  f o r c i n g s .
S w if t  e t  a l .  (1 9 8 5 )  a s s e r t e d  t h a t  th e  f a i r - w e a t h e r  lan d w a rd  
c re e p  o f  se d im e n ts  d u e  to  th e  w ave asym m etry and  th e  s to rm - in d u c e d  
se a w a rd  sweep o f  s e d im e n ts  r e p r e s e n t  th e  c r o s s - s h o r e  s e d im e n t  
ex c h an g e  p ro c e s s  o v e r  th e  Long I s l a n d  s h o r e f a c e .  They s u g g e s t  th e  
e s c a p in g  mechanism d u r in g  s to rm s  t o  be p ro v id e d  by d o w n w e llin g . S h i 
(1983) re a s o n e d  t h a t  th e  f o rc e d  lo n g  w aves in d u c e d  by  th e  wave 
g r o u p in e s s  p ro v id e  t h e  o f f s h o r e  t r a n s p o r t  m echanism  ev en  u n d e r  th e  
f a i r - w e a t h e r  c o n d i t io n s .
I n  t h i s  c h a p te r ,  we c o n s id e r  th e  d i r e c t i o n  o f  n e t  s e d im e n t  
t r a n s p o r t  and th e  c o n t r i b u t i o n s  t o  th e  d i r e c t i o n a l  t r a n s p o r t  by th e  
flow  com ponents o f  d i f f e r e n t  i n  t im e  s c a l e s . The m odel d e v e lo p e d  
th ro u g h  C h ap te r 4 o n ly  d e a ls  w i t h  mean c o n c e n t r a t io n .  The t r a n s p o r t  
by q u a s i - s t e a d y  f lo w  i s  s t r a ig h t f o r w a r d .  The d i r e c t i o n  o f  th e  n e t  
t r a n s p o r t  i s  th e  d i r e c t i o n  o f  t h e  t r a n s p o r t  o f  s e d im e n ts  c a r r i e d  by
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th e  mean f lo w . The r o l e  o f  h ig h  f re q u e n c y  w ave h a s  b e e n  q u e s t io n e d  
by many r e s e a r c h e r s  ( e .g .  N ie ls e n ,  1 9 7 9 ).
An e n e r g e t i c s - b a s e d  model s e e s  se d im e n t t r a n s p o r t  p r o c e s s e s  a s  
th e  c o n su m p tio n  o f  f l u i d  e n e rg y  b y  s e d im e n ts .  B agnold  (1963) 
a p p l i e d  h i s  e n e r g e t i c s - b a s e d  b e d lo a d  t r a n s p o r t  model f o r  a  s tre a m  
flo w  to  o s c i l l a t o r y  f lo w s . The t r a n s p o r t  r a t e  i s  d i r e c t l y  r e l a t e d  
to  f l u i d  pow er v i a  an  e f f i c i e n c y  f a c t o r .  The a n g le  o f  r e p o s e  o f  
s e d im e n ts  and  th e  s lo p e  o f  th e  b e d  a l s o  a f f e c t  th e  t r a n s p o r t  r a t e .  
The a v a i l a b l e  f l u i d  pow er i s  th e  f l u x  o f  t r a c t i v e  s t r e s s e s  w hich a r e  
r e p r e s e n te d  by  b o tto m  s h e a r  s t r e s s  h e r e .  I f  we m a in ta in  th e  
q u a d r a t i c  s t r e s s  law , we can  d ed u ce  th e  t h i r d  pow er r e l a t i o n s h i p  o f  
th e  f l u i d  pow er. T h u s , b e d lo a d  h a s  t h i r d  pow er d ep endency  w h ile  
su sp e n d e d  lo a d  t r a n s p o r t  h as  f o u r t h  pow er d ep endency  b e c a u s e  th e  
s u s p e n s io n  h a s  a d v e c t io n  m echanism  o p p o s in g  th e  s e t t l i n g  o f  
p a r t i c l e s .
The p e r i o d i c  f l u c t u a t i o n  o f  f l u i d  v e l o c i t y  i s  th e  m ain  f o r c in g  
u n d e r o s c i l l a t i n g  f lo w . For th e  wave e n v iro n m e n ts , p e r t u r b a t i o n  i n  
te rm s o f  tim e  s c a l e  h a s  been  a t te m p te d  ( e .g .  Bowen, 1980; B a i la r d  
and  Inm an, 1981; B a i l a r d ,  1 9 8 1 ). I n  t h i s  c o n t e x t ,  we r e g a r d  o n ly  
th e  f i r s t  o r d e r  p e r t u r b a t i o n ,  w h ic h  i s  c o n s i s t e n t  w ith  o u r  m odel f o r  
com bined b o u n d a ry  l a y e r  flow .
An e n e r g e t i c s  a p p ro a c h  i s  c o n c e rn e d  w i th  v e l o c i t y  m om ents. 
Q u e s t io n s  hav e  b e e n  r a i s e d  a b o u t t h e  d i r e c t  r e le v a n c e  o f  th e  
m easu rem en ts  o f  some moments to  s e d im e n t  t r a n s p o r t  ( e . g .  Guza and  
T h o rn to n , 1 9 8 5 ), W orking w ith  th e  d a ta  from  D u c k '85 e x p e r im e n ts ,
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w h ich  sp a n  b o th  f a i r  an d  s to rm  w e a th e r  c o n d i t i o n s , we a r e  a b le  to  
c a l c u l a t e  th e  im m ersed w e ig h t  s e d im e n t t r a n s p o r t  r a t e .  B ecau se  
t h e r e  i s  no way f o r  an  e n e r g e t i c s  m odel to  r e s o lv e  th e  p h a s e  o f  th e  
f lo w , th e  c a l c u l a t e d  t r a n s p o r t  r a t e  i s  e v a lu a te d  by  co m p arin g  w i th  
f l u x  m easu rem en t. A t th e  end  o f  t h i s  C h a p te r , a  s e m i - q u a n t i t a t i v e  
s e d im e n t t r a n s p o r t  m odel i s  g iv e n .
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5 .2  An e n e r g e t i c s  m odel
B a g n o ld  (1956) p o s tu l a t e d  t h a t  th e  s e d im e n t  t r a n s p o r t  r a t e  i s  
p r o p o r t i o n a l  to  t h e  f l u i d  pow er a v a i l a b l e :
I  -  K 0  ( 5 .1 )
H ere , I  i s  t r a n s p o r t  r a t e  and  ft i s  th e  f l u i d  pow er a v a i l a b l e .  
A g a in , t h e  t r a n s p o r t  i s  v i a  b o th  b e d lo a d  and  su sp e n d e d  lo a d  
t r a n s p o r t :
I “ I b + 1 s -  <Kb + K s ) n  <5 ’ 2)
The s u b s c r i p t s  b  a n d  s  d e n o te  b e d lo a d  an d  su sp e n d e d  l o a d ,  
r e s p e c t i v e l y .  I n  v e r t i c a l l y  tw o -d im e n s io n a l s te a d y  f lo w , he 
re a s o n e d  t o  g e t
Kb -  ' b ( 5 .3 )
t a n  <l> - t a n  /3
es * ( 1  ‘ cb )Ks  -     ( 5 .4 )
ws f / ° s '  t a n  P
H ere, t h e  b a la n c e  b e tw e en  t u r b u l e n t  d i f f u s i o n  and  th e  s e t t l i n g  o f  
s e d im e n ts  a r e  assum ed  f o r  th e  su sp en d e d  s e d im e n t  t r a n s p o r t ,  e i s  
th e  e f f i c i e n c y ,  t a n  i s  th e  b e d  s lo p e ,  t a n  $ i s  th e  a n g le  o f
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r e p o s e ,  wg£ i s  th e  s e t t l i n g  v e l o c i t y ,  and  Ug i s  th e  m ean  flow  
v e l o c i t y .
The above  id e a  w as e x te n d e d  t o  th e  o s c i l l a t o r y  f lo w s  (B agnold , 
1 9 6 3 ). B ecause  o f  t h e  h o r i z o n t a l l y  tw o -d im e n sio n a l f e a t u r e s  o f  th e  
o s c i l l a t o r y  f lo w s , t h e  t r a n s p o r t  r a t e  in  t h e  d i r e c t i o n  8 i s  g iv en  b y
X -  K'O u 0/U o (5 .5 )
w here i s  th e  v e l o c i t y  in  th e  d i r e c t i o n  8 m easured a t  t h e  same 
h e ig h t  a s  th e  o r b i t a l  v e l o c i t y  UQ. B a i la r d  and  Inman (1 9 8 1 ) 
e x te n d e d  t h i s  to  t h e  t o t a l  lo a d  t r a n s p o r t .  They t r e a t e d  b o th  th e  
in s ta n ta n e o u s  t r a n s p o r t  r a t e  a n d  th e  c o e f f i c i e n t  a s  v e c to r s :
l t  -  £ t O (5 .6 )
H ere , t h e  s u b s c r ip t  t  d e n o te s  t h e  in s ta n ta n e o u s  v a lu e s .  F o r the
b e d lo a d  t r a n s p o r t ,  t h e y  re g a rd e d  th e  c o n t r ib u t io n s  co m in g  from  two
p a r t s ,  t h a t  i s ,  a  v e l o c i t y  in d u c e d  t r a n s p o r t  d i r e c te d  p a r a l l e l  to
th e  in s ta n ta n e o u s  v e l o c i t y  ufc a n d  a  g r a v i ty - in d u c e d  t r a n s p o r t
d i r e c t e d  dow nslope. F o r  t:an & «  1 , th e y  d e r iv e d
ta n  <j>
£  -  *b ( U t +  ta n  ^  i )  (5 .7 )
t a n  6 I-*' i ta n  d>
lut l
B a i la r d  (1 9 8 1 ) e x te n d e d  th e  same a rgum en ts f o r  th e  s u s p e n d e d  
se d im e n t t r a n s p o r t :
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i )
A
( 5 .8 )
A ssum ing q u a d r a t ic  s h e a r  s t r e s s
r t  “  *> DIUt  * Ut ( 5 .9 )
w here p i s  th e  f l u i d  d e n s i t y  and i s  a  d ra g  c o e f f i c i e n t ,  th e  l o c a l  
r a t e  o f  e n e rg y  d i s s i p a t i o n  becom es
H e re , we h a v e  to  n o te  t h a t  th e  f o rm u la t io n  g iv e n  by  e q u a t io n  ( 5 .9 )  
i s  d i f f e r e n t  from  th e  s h e a r  s t r e s s  o b ta in e d  from  o u r  w a v e - c u r r e n t  
b o u n d a ry  l a y e r  m odel g iv e n  b y  e q u a t io n  ( 3 .9 9 ) .  Now, co m b in in g  
e q u a t io n s  ( 5 .7 ) ,  ( 5 .8 ) ,  and  (5 .1 0 )  an d  s u b s t i t u t i n g  i n to  e q u a t io n  
( 5 .6 ) ,  we g e t
n -  U 1t
( 5 .1 0 )
+  L  ( |u t [ 3  u t  +  t a n  p  l u j 5  i )  ]
Ws f  ws f
(5 .1 1 )
Bowen (1980) p o s t u l a t e d  t h a t  th e  v e l o c i t y  i s  decom posed  in to  
b a s i c a l l y  th e  mean a n d  th e  s i n u s o i d a l  o s c i l l a t o r y  f lo w s . Guza and  
T h o rn to n  (1985) a rg u e d  ab o u t t h e  a ssu m p tio n  o f  s in u s o i d a l  f lo w s  an d  
i n s t e a d  p ro p o se d  t h e  u se  o f  random  se a  m o d el. I n  th e  sam e c o n te x t ,  
th e  f o r c i n g s  a r e  decom posed a c c o r d in g  to  t h e i r  tim e s c a l e s .  On th e  
In n e r  c o n t i n e n t a l  s h e l f ,  th e  c o m p lic a t io n  o f  h y d ro d y n am ics  a re  
r e p r e s e n t e d  by a  q u a s i - s t e a d y  m o tio n , lo w - fre q u e n c y  m o tio n  r e l a t e d  
to  th e  w a v e - g ro u p in e s s , and th e  h ig h - f r e q u e n c y  m otion  r e l a t e d  to  t h e  
g r a v i t y  w aves.
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5 . 3 .  V e lo c it y  moments
B ecau se  th e  a g i t a t i o n  o f  s e d im e n ts  i s  m a in ly  g iv e n  by  th e  s t r e s s  
e x e r t e d  by  w aves, i t  i s  te m p tin g  to  n o rm a liz e  th e  te rm s  i n  th e  
e q u a t io n  (5 .1 1 )  by  th e  wave o r b i t a l  v e l o c i t y ,  U .
Um2  '  2  (<uw2> + <vw2>) ( 5 ' 1 2 >
C o rre sp o n d in g  to  t h e  wave o r b i t a l  v e l o c i t y ,  d e f in e  a m ag n itu d e  o f  
mean c u r r e n t .
a t 2 “ Uc 2 + V c 2  <5 ’ 1 3 >
Then, we c a n  com pare th e  s t r e n g t h  o f  c u r r e n t  w ith  wave by th e  
f o l lo w in g  p a ra m e te r s .
u t
S -  _ Z  ( 5 .1 4 )
Um
uc
6 -  _  ( 5 .1 5 )
u  Um
v
V  —  ( 5 .1 6 )
v  U m
Now, d e f i n e  h ig h e r  moments.
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< l “ t l 2>
t n  ~  <5 - 1 7 >2u /m
* < |u  | 2 u >
£  -  11 W ( 5 .1 8 )
3
Un,m
t, < l “ c l >
T
^  -  u ( 5 . 1 9 )
Um
* < | u J 3u  >
V'O -  ( 5 .2 0 )
4U m^
< |u j 5>
Um
t 1
5
1^3 “  _ _ _ _ _ _  (5 .2 1 )
T hen , th e  x -co m p o n en t o f  e q u a t io n  5 .1 1  becom es
< V  - ' W 1 ' i V u  + *t+ *1 ^ 4  1 +can  <p t a n  9
— *Um [ *l*u  + 4  + ^3 tan ^ *— ’Um 3 } ( 5 -22)
ws f  Ws f
Skew ness te rm s  an d  ^  d e te rm in e  th e  c o n t r i b u t i o n  o f  p e r i o d i c  
f lo w s  i n  t h e  s e d im e n t t r a n s p o r t  th ro u g h  b e d lo a d  an d  s u s p e n d e d  lo a d ,  
r e s p e c t i v e l y .  iftq r e p r e s e n t s  th e  a g i t a t i o n  o f  b e d  m a t e r i a l s  by  wave
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s t r e s s e s ,  w h e reas  ^  and  rf>^  a p p e a r  to  b e  r e l a t e d  to  t u r b u l e n t  
e n e rg y  d i s s i p a t i o n .  The m ag n itu d e  o f  s t e a d y  c u r r e n t  t r a n s p o r t  
r e l a t i v e  to  wave c a r r i a g e  and  th e  d i r e c t i o n  i n  o n - o f f s h o r e  a d v e c t io n  
i s  r e p r e s e n te d  by  th e  m ag n itu d e  and  th e  s i g n  o f  5u .
G r a v i t a t i o n a l  e f f e c t s  depend  m a in ly  o n  th e  s lo p e  o f  b o tto m .
t
N ear b o tto m , tu r b u le n c e  te rm  ^  en h a n ce s  th e  g r a v i t a t i o n a l  e f f e c t s ,  
w here  a s  th e  a n g le  o f  r e p o s e  ( t a n  -  0 .4 7 )  g iv e s  r e s t r i c t i o n  to  
t h i s  a c t i v i t y .  Away from  b o tto m , g r a v i t y  f lo w s  become c o m p lic a te d  
by  many f a c t o r s  su c h  a s  t u r b u l e n t  d i f f u s i o n ,  wave a d v e c t io n ,  and 
s e t t l i n g  o f  s e d im e n t p a r t i c l e s  due to  g r a v i t y .  For t h e  c a l c u l a t i o n  
o f  im m erse -w eig h t t r a n s p o r t  r a t e ,  we a d o p te d  = 0 . 2 1 ,  eg = 0 .0 2 5 , 
t a n  4> “  0 .6 3 ,  t a n  -  0 .0 1 ,  and  wg ^ -  0 .0 0 6 5  m /sec  f o l lo w in g  B a i la r d  
(1 9 8 1 ) . D rag c o e f f i c i e n t s  a r e  c a l c u l a t e d  b a s e d  on S t e r n b e r g 's  
(1968 ) CD( 1 .0  ra) -  4 .1  X 1 0 '3 , th u s  CD( 0 .2  m) -  7 .3  X 1 0 '3 . H ere ,
Cq do es  n o t  c o v e r  w aves b u t  c u r r e n t s .
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5 , 4 .  A p p lic a t io n  o f  th e  e n e r g e t ic s  m odel to  f i e l d  d a ta
T a b le  8  show s th e  v e l o c i t y  moments c a l c u l a t e d  f o r  th e  low e n e rg y  
c o n d i t io n .  F o r  b e d lo a d  t r a n s p o r t ,  an d  ^  a r e  o f  th e  same o r d e r  
o f  m a g n itu d e . B ecause  6 u  r e p r e s e n t in g  r e l a t i v e  s t r e n g t h  o f  c u r r e n t  
to  wave i s  l e s s  th a n  0 . 1 , th e  mean t r a n s p o r t  b e d lo a d  i s
s m a l le r  th a n  th e  wave t r a n s p o r t  te rm  ^  by  an  o r d e r  o f  m a g n itu d e .
'  *F o r su sp e n d e d  lo a d ,  i s  a l s o  s m a l le r  th a n  ^ . T h is  im p l ie s  t h a t
th e  n e t  t r a n s p o r t  i s  g o v e rn e d  by w aves. F ig u re  37 show s th e  tim e
v a r i a t i o n  o f  im m ersed w e ig h t  t r a n s p o r t  r a t e  c a l c u l a t e d .  M ost o f  th e
t im e s ,  th e  d i r e c t i o n s  o f  t r a n s p o r t  b y  mean flow  a n d  w aves a r e  t h e
sam e. The c a l c u l a t i o n  b a s e d  on th e  a v e ra g e  v a lu e s  o f  v e l o c i t y
moments show t h a t  th e  o n s h o re  t r a n s p o r t  p r e v a i l s ,  s e e m in g ly  r e l a t e d
t o  th e  wave asym m etry .
T a b le  9 t a b u l a t e s  th e  c a lc u l a t e d  v e l o c i t y  m om ents u n d e r  h ig h , 
e n e rg y  c o n d i t io n ,  moments r e p r e s e n t in g  t r a n s p o r t  by  m ean flo w  \&q and
f ^
a r e  b o th  h ig h e r  th a n  ^  and  ^  b y  two o rd e r  o f  m a g n itu d e s . As
th e  s to rm  a c t i v i t y  i n c r e a s e s ,  th e  6 ^  v a lu e  i n c r e a s e s  i n  m ag n itu d e  by
a n  o r d e r  o f  m a g n itu d e . T h is  seems to  b e  r e l a t e d  t o  d o w n w e llin g .
3
O v e r a l l  s e d im e n t t r a n s p o r t  r a t e  i s  p r o p o r t io n a l  t o  U w hich  
in c r e a s e s  by  s e v e r a l  f a c t o r s  tow ard  th e  o n s e t  o f  s to r m .  T o ta l  r a t e
o f  t r a n s p o r t  i s  in c r e a s e d  b y  two o r d e r s  o f  m a g n itu d e . F ig u re  38
show s th e  tim e  v a r i a t i o n s  o f  c a l c u l a t e d  t r a n s p o r t  r a t e .  O ff s h o re
t r a n s p o r t  by m ean c u r r e n t  i s  d o m in an t. O nshore t r a n s p o r t  by w aves
i s  overw helm ed by  th e  o f f s h o r e  t r a n s p o r t  by mean f lo w .
- 1 2 2  -
Table 8 . C a lc u la te d  moments fo r  f a i r  w eath er  p o r t io n
Hour V* o u* *1
t*
5u Um
0 0.5102 -0.1610 0.7265 -0 .4002 2.3403 -0 .0 4 5 2 0.1347
4 0 .5086 -0.0938 0.7496 -0 .2409 2.6780 -0 .0 5 2 3 0.1257
8 0 .5004 -0.0111 0.7401 -0 .0482 2.5315 0.0097 0.1322
12 0 .5 2 0 4 -0.3024 0.8721 -0 .8202 5.2399 -0 .1 2 1 8 0.1222
16 0 .5061 -0.2032 0.7507 -0 .4548 2.7676 -0 .0 7 1 6 0.0942
20 0 .5 2 6 4 0.0228 0.7365 0 .0295 2.1350 0 .0388 0 .1010
24 0.5036 -0.0007 0.6895 -0 .0408 1.8578 0.0363 0 .0974
28 0 .5114 0.1083 0.7343 0.2188 2.3106 0.0468 0 .0875
32 0 .5200 0.0485 0.7488 0.0703 2.3935 0.0499 0 .0873
36 0 .5312 -0.2187 0.7385 -0 .4601 2.0654 -0 .0 7 3 9 0 .0900
40 0 .5201 -0.2074 0.7462 -0 .4618 2.3557 -0 .0 6 9 4 0.0787
Average 0 ,5137 -0.0926 0.7484 -0 .2371 2.6068 -0 .0 2 3 0 0.1046
*  U i s  i n  m /s e c . m '
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F ig u re  37 Im m ersed w e ig h t  t r a n s p o r t  r a t e  f o r  su sp e n d e d  lo a d ,  f a i r  
w e a th e r  p o r t i o n .  The u n i t  i s  i n  W/m.
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T able 9 . C a lc u la te d  moments f o r  storm w eath er  p o r t io n
H our Vq >*V-i * 1 V-3 Um
0 0.6740 -0 .0 5 5 7 0 .7 2 4 0 -0 .1119 1 .1 7 7 0 0 .2139 0 .4 4 4 3
4 0 .6340 -0 .0 0 8 8 0 .6 7 7 4 -0 .0224 1 .1 3 7 6 0 .1710 0 .3 4 8 1
8 0.6596 -0 .0 0 2 4 0 .7 1 6 5 -0 .0276 1 .2 5 8 8 0 .1965 0 .3 3 7 8
1 2 0 .6972 0 . 0 0 2 2 0 .7 4 8 1 -0 .0301 1 .2 5 4 1 0 . 2 2 1 0 0 .3 4 3 3
16 0 .5542 0 .0 1 7 5 0 .5 8 2 9 0.0224 1 . 0 1 0 1 0 .1236 0 .3 4 3 8
2 0 0 .5635 -0 .0 0 9 5 0 .5 8 1 1 -0 .0269 0 .9 0 2 5 0 .1027 0 .3 8 3 7
24 0 .6022 0 .0 2 0 8 0 .6 3 5 1 0.0273 1 .0 1 7 0 0 .1341 0 .3 7 9 2
28 0 .5572 - 0 . 0 0 2 0 0 .5856 -0 .0038 0 .9 4 0 0 0 . 1 0 2 2 0 .3 6 6 2
32 0 .7299 -0 .0 1 2 5 0 .8 1 4 8 -0 .0497 1 .4 7 2 5 0 .1986 0 .3 4 1 6
36 0 .9800 -0 .0 6 9 3 1 .1475 -0 .1475 2 .0 0 3 0 0 .3 0 5 0 0 .4 9 2 5
40 0 .6773 -0 .0 4 6 3 0 .7103 -0 .0802 1 .0 3 9 1 0 .1635 0 .5 6 3 9
A verage 0 .6663 -0 .0 1 5 1 0 .7 2 0 3 -0 .0409 1 . 2 0 1 1 0.1756 0 .3 9 4 9
* U i s  i n  m /se c . m 7
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F igure 38 Immersed w e ig h t tr a n sp o r t  r a te  fo r  suspended  lo a d , storm
p o r t io n . The u n it  i s  in  W/m.
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5 .5  D is c u s s io n
M odels o f  c r o s s - s h o r e  s e d im e n t exchange p r o c e s s e s  o v e r  a  
s h o r e f a c e  hav e  b e e n  d e v e lo p e d  by  s e v e r a l  r e s e a r c h e r s .  N ie d o ra  e t  
a l .  (1984) c o n c e n t r a t e  on th e  b e d lo a d  t r a n s p o r t  u n d e r  s to rm  e v e n ts  
and  d e v e lo p  a  m odel i n  w hich c o a s t a l  s to rm s  in d u c e  o f f s h o r e  
t r a n s p o r t  o f  s e d im e n ts  o v e r  th e  e n t i r e  s h o r e f a c e . They r e l a t e  th e  
s o u rc e  o f  pow er to  th e  i n i t i a l  s t a g e  o f  s to rm s  y i e l d i n g  h ig h  l o c a l  
w aves and  o f f s h o r e  b o tto m  c u r r e n t s  due  to  d o w n w e llin g . S w if t  e t  a l .  
(1985) d e p ic te d  t h e  d i f f e r e n t  m echanism s b e tw een  f a i r  w e a th e r  and  
s to rm  w e a th e r  p r o c e s s e s .  They r e l a t e d  th e  f a i r  w e a th e r  o n sh o re  
t r a n s p o r t  t o  a s y m m e tr ic a l  s h o a l in g  w aves and th e  s to rm  w e a th e r  
o f f s h o r e  t r a n s p o r t  to  s u s p e n s io n  by  s to rm  w aves an d  s u b s e q u e n t  
c a r r i a g e  by  w in d - d r iv e n  o f f s h o r e  f lo w .
Inm an and  Bowen (1963) d e m o n s tra te d  th e  p o s s i b i l i t y  o f  a n  
o f f s h o r e  t r a n s p o r t  due to  r i p p l e  asym m etry and  r e s u l t i n g  d i f f e r e n c e s  
i n  w a v e - in d u c e d  v o r t i c e s .  H orikaw a e t  a l .  (1977) c l a s s i f i e d  
se d im e n t t r a n s p o r t  p a t t e r n s  due to  wave a c t i o n  i n t o  f o u r  ty p e s  
a c c o rd in g  to  th e  d o m in an t t r a n s p o r t  mode and th e  r o l e  o f  r i p p l e s .  
N ie ls e n  (1979) d e p ic t e d  p o s s ib l e  s h i f t s  o f  p h a se  a n g le  b e tw e e n  
in s ta n ta n e o u s  su sp e n d e d  se d im e n t c o n c e n t r a t io n  and  in s ta n ta n e o u s  
v e l o c i t y ,  r e s u l t i n g  i n  th e  t r a n s p o r t  i n  th e  o p p o s i te  d i r e c t i o n  w ith  
r e s p e c t  to  th e  n e t  c u r r e n t  o r  w a v e -in d u c e d  m ass t r a n s p o r t .  S h i and  
L a rse n  (1984) d i s c u s s  th e  e f f e c t  o f  wave g ro u p in e s s  w h ich  c a u s e s  
th e  n e t  o f f s h o r e  t r a n s p o r t .  W rig h t (1987) exam ined  th e  d i a b a t h i c  
t r a n s p o r t  m echanism s and  showed th e  r o l e s  o f  v a r i a b l e  s o u rc e s  o f
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pow er su c h  a s  w aves, r i p  c u r r e n t s ,  w in d - in d u c e d  c u r r e n t s ,  t i d a l  
c u r r e n t s ,  g r a v i t y ,  an d  w a v e -c u r r e n t  i n t e r a c t i o n s .
From th e  c a l c u l a t e d  im m ersed w e ig h t t r a n s p o r t  r a t e ,  th e  r o l e  o f  
w aves seem s to  b e  s u b s t a n t i a l  i n  c a s e  o f  low  e n e rg y  f lo w  c o n d i t i o n s .  
To g iv e  more d e t a i l s  on t h i s ,  s e d im e n t f l u x  a t  th e  h e i g h t  o f  15 cm 
from  t h e  b o tto m  i s  c a l c u l a t e d  a s  th e  p r o d u c t  o f  th e  c r o s s - s h o r e  
v e l o c i t y  m easu red  a t  2 0  cm above b o tto m  a n d  th e  c o n c e n t r a t io n  
m ea su red  a t  15 cm abo v e  b o tto m . D ecom posing and  a v e ra g in g  o v e r  
b u r s t  p e r io d ,  th e  f l u x  i s  a g a in  decom posed i n t o  th e  mean t r a n s p o r t  
and  t r a n s p o r t  by  w ave.
<q > -  u  C + <u C > (5 .2 3 )Mx c m w p /
U nder b o th  th e  h ig h  an d  th e  low e n e rg y  c o n d i t i o n s ,  th e  n e t  f l u x  i s  
g o v e rn e d  by  th e  t r a n s p o r t  o f  mean c o n c e n t r a t io n  by mean c u r r e n t  
( F ig u r e s  39 and 4 0 ) .  C om paring w ith  th e  n e t  t r a n s p o r t  r a t e  ( F ig u r e s  
37 an d  3 8 ) ,  we s e e  t h e  t r e n d s  a r e  th e  same b o th  f o r  th e  t r a n s p o r t  
r a t e s  c a l c u l a t e d  fro m  e n e r g e t i c s  m odel and  th e  f lu x e s  c a l c u l a t e d  
from  t h e  m easurem ent o f  su sp en d ed  se d im e n t c o n c e n t r a t io n  and f lo w  
v e l o c i t y .
D i r e c t  co m p ariso n  o f  th e  f l u x  and  th e  t r a n s p o r t  r a t e  may n o t  be  
v a l i d .  B u t, we c a n  com pare two r e s u l t s  a t  l e a s t  on  th e  q u a l i t a t i v e  
b a s i s .  O ur m ain p u rp o s e  i s  to  r e v e a l  th e  d i r e c t i o n  o f  se d im e n t 
t r a n s p o r t  p r o c e s s .  I n  t h i s  c o n te x t ,  we b e l i e v e  t h a t  t h e  t r a n s p o r t  
r a t e  c a l c u l a t e d  g iv e s  s a t i s f a c t o r y  e x p la n a t io n  on th e  r e l a t i v e  
c o n t r i b u t i o n s  o f  a d v e c t iv e  m echanism s an d  th e  d i r e c t i o n  o f  n e t
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F igure 39 Suspended sed im en t f lu x ,  f a i r  w eather p o r t io n . The u n i t
2
i s  i n  g/cm  / s e c .
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F ig u re  40 S uspended  se d im e n t f l u x ,  s to rm  p o r t i o n .  The u n i t  i s  in  
g /c m ^ /s e c .
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t r a n s p o r t .  How ever, th e  p a ra m e te r s  i n  th e  m odel a r e  s i t e  s p e c i f i c  
th u s  we n e e d  to  o b t a in  th e  v a lu e s  from  e m p i r ic a l  d a ta .  A nd, i t  i s  
h a r d  to  m odel h ig h e r  moments ev en  f o r  s im p le  e q u i l ib r iu m  c a s e s  ( s e e ,  
f o r  ex am p le , B a i la r d ,  1 9 8 1 ) . The c a l i b r a t i o n  o f  m odel p a ra m e te r s  i s  
l i m i t e d  by  th e  q u a n t i t y  an d  th e  q u a l i t y  o f  d a ta  a v a i l a b l e .  T h is  
m odel i s  a  d e p th  i n t e g r a t e d  m odel, th u s  i t  p r o v id e s  no d e t a i l s  on 
th e  v e r t i c a l  d i s t r i b u t i o n  o f  su sp e n d e d  s e d im e n t f l u x .  We c a n  
com p en sa te  t h i s  by  u s in g  a  d i f f e r e n t  v iew  su c h  a s  th e  m odel 
d e v e lo p e d  i n  th e  p r e v io u s  c h a p te r s .
The mean t r a n s p o r t  r a t e  i s  th e  d e p th  i n t e g r a t i o n  o f  th e  p r o d u c t
o f  mean v e l o c i t y  and  mean c o n c e n t r a t io n ,  th e  mean v e l o c i t y  i s  g iv e n
i n  th e  e q u a t io n s  (3 .7 1 )  an d  ( 3 .7 5 ) ,  w h e re as  th e  mean c o n c e n t r a t io n  
i s  g iv e n  b y  th e  e q u a t io n s  (4 .3 1 )  and  ( 4 .3 2 ) .  T hen , th e  n e t  c r o s s ­
s h o re  t r a n s p o r t  r a t e  <QX> i s
-  < V - «  + <v + «  <5 -24>
H ere , th e  s u b s c r i p t s  ~S and  +5 r e p r e s e n t  th e  i n t e g r a t i o n  u p to  th e  
to p  o f  th e  wave b o u n d a ry  l a y e r ,  Sw, and  th e  i n t e g r a t i o n  from  <$w to  
th e  mean s e a  s u r f a c e ,  h .  The t r a n s p o r t  r a t e  i n s i d e  th e  wave 
b o u n d a ry  l a y e r  i s  g iv e n  a s
s ,r u * o  u * o  „  ,  -w o P / k ( u . 1 +V )
4 "  l n < f j  C , ( L >  s £  1  dz
r  u.*1
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where
z*  -  z /z n  ( 5 . 2 6 )
A* -  - ws f /  K (u n + V) ( 5 .2 7 )
b* _ u *2 ( Zq)A* (5 28)
U* 1  *
S o lv in g  e q u a t io n  ( 5 .2 5 ) ,  we h av e
<0^ - [ < ( ln(<) - _ J _ i
A + 1 A + 1
- z*  { ln (z * )  - ___ \ _ )  ] ( 5 .2 9 )
A* + 1
The t r a n s p o r t  r a t e  above th e  wave b o u n d a ry  l a y e r  i s  g iv e n  by
““V - W  ”  / i . u c Cm 6z
where
z *  -  z / z ,  ( 5 . 3 1 )
C* "  ’ Ws f /#C(U* 2 +V) ( 5 ' 32)
*  u * 9  x  Z 1 c*f  _  * Z ,x  z  c  ( j  ) (J . ) C  ( 5 .3 3 )
K £W
The s o l u t i o n  i s
J*
TV *  •Je 1
<0 * ^  -  —  t h  1 l n ( h  > - >
c + l  c + 1
- 6*  ( ln ( f i* )  - ___ ? _ )  ] ( 5 .3 4 )
w  w  *C + 1
The t r a n s p o r t  r a t e  from  th e  e n e r g e t i c s  m odel i s  g iv e n  by
a  e s  I
p Cni r  $-, &y  D m  -----  Y1 u
^ e n e r g e t i c s  “  (- ^  .  p )  g  (5 -3 5 )
B a i l a r d  (1982 ) p r o v id e s  th e  a v a i l a b l e  b e d  m a t e r i a l ,  N -  0 . 6 .  I n  
F ig u r e s  41 and  4 2 , th e  t r a n s p o r t  r a t e  p r e d i c t e d  from  th e  e n e r g e t i c s  
m odel i s  com pared  w i th  <Q}t>  f o r  low - a n d  h ig h  e n e rg y  c o n d i t i o n s ,  
r e s p e c t i v e l y .  B o th  f a i r  a n d  s to rm  c o n d i t i o n s  show t h a t  th e  
e n e r g e t i c s  m odel g iv e s  th e  sam e d i r e c t i o n  o f  t r a n s p o r t  b u t  th e  
am ount i s  low  by  a n  o r d e r  com pared  w i th  th e  t r a n s p o r t  r a t e ,  <QX>-
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F igu re  41 Comparison o f  tr a n sp o r t  r a t e s  c a lc u la t e d  by th e
i n t e g r a t i o n  o f  f l u x  and th e  e n e r g e t i c s  a p p ro a c h , f a i r  
w e a th e r  p o r t i o n .  The u n i t  i s  i n  g /c m /s e c .
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F igu re  42 Comparison o f  tr a n sp o r t  r a te s  c a lc u la t e d  by th e
i n t e g r a t i o n  o f  f lu x  and th e  e n e r g e t i c s  a p p ro a c h , s to rm  
p o r t i o n .  The u n i t  i s  i n  g /c m /s e c .
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F ig u re s  43 and  44 shows th e  r a t i o s  b e tw een  th e  t r a n s p o r t  r a t e s  
i n s i d e  an d  o u t s id e  th e  wave b o u n d a ry  l a y e r .  The in c r e a s e  o f  th e  
r a t i o  i s  a p p a r e n t  f o r  th e  h ig h  e n e rg y  c o n d i t io n .  The r a t i o  v a ry  
b e tw e en  1 an d  10 . T h is  n o t e s  t h a t  th e  t r a n s p o r t  r a t e  p r e d i c t e d  from  
th e  e n e r g e t i c s  m odel i s  low  by  a n  o r d e r .  The c o e f f i c i e n t s ,  
e s p e c i a l l y  th e  e f f i c i e n c y  f a c t o r  eg a n d  , a re  g iv e n  b y  th e  
c a l c u l a t i o n s  i n  th e  s u r f  z o n e . B ecause  th e  dynam ics o v e r  a  s h o re  
f a c e  i s  d i f f e r e n t  from  th e  dynam ics i n s i d e  th e  s u r f  z o n e , we have  to  
c a l i b r a t e  th e  c o e f f i c i e n t s .
The c r o s s - c o r r e l a t i o n s  b e tw e e n  h o r i z o n t a l  v e l o c i t y  and su sp e n d e d  
se d im e n t c o n c e n t r a t io n  g iv e  l i g h t  to  t h e  s tu d y  o f  th e  a d v e c t io n  
m echanism . F ig u re  45 shows th e  s t r o n g  c o r r e l a t i o n  b e tw e en  o n s h o re  
v e l o c i t y  and  h ig h  su sp en d e d  se d im e n t c o n c e n t r a t i o n  th u s  im p l ie s  th e  
p o s s ib l e  o n sh o re  t r a n s p o r t  by  th e  wave a d v e c t io n .  B oth  th e  
t r a n s p o r t  r a t e  (F ig u re  38) an d  th e  f l u x  (F ig u re  4 0 )  show th e  
d om inan t r o l e  o f  mean c u r r e n t  o v e r  wave f o r  t r a n s p o r t  u n d e r  h ig h  
e n e rg y  c o n d i t io n .  T h e r e f o r e ,  we can  c o n c lu d e  t h a t  th e  o f f s h o r e  
t r a n s p o r t  b y  mean c u r r e n t  s u p e rs e d e s  t h e  o n sh o re  t r a n s p o r t  b y  w aves 
by  an  o r d e r  u n d e r  h ig h  e n e rg y  c o n d i t io n .
F ig u re  46 shows t h a t  th e  se d im e n t c o n c e n t r a t io n  i s  
i n s i g n i f i c a n t l y  r e l a t e d  w ith  c r o s s - s h o r e  v e l o c i t y .  I n  a d d i t i o n  to  
th e  low  c o r r e l a t i o n  c o e f f i c i e n t ,  th e  l a g s  b e tw e e n  th e  a d v e c t iv e  
v e l o c i t y  an d  th e  c o n c e n t r a t io n  im p l ie s  t h a t  th e  r o l e  o f  w aves f o r  
th e  t r a n s p o r t  i s  s t i l l  n o t  c l e a r .  We may u s e  th e  f i r s t - o r d e r  
a p p ro x im a tio n  f o r  th e  f l u x  c a l c u l a t i o n  in  c a s e  o f  h ig h  e n e rg y  
e n v iro n m e n t b u t  a  c a u t io n  m u st b e  g iv e n  f o r  th e  low  e n e rg y
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F igure 43 The r a t io  betw een  <Qji>+£ and <Qx> _$i f a i r  w eath er
p o r t io n . The r a t io  i s  <QX> _ j /<Qx:>+5  •
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F ig u r e  44  The r a t i o  b etw een  <QX>+  ^ an<l  storm  p o r t io n .  The
r a t i o  i s  <Qx> . 5 /<Qx>+5 -
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F igu re  45 C r o s s -c o r r e la t io n s  betw een  c r o s s - s h o r e  v e l o c i t y  and
suspended sed im en t c o n c e n tr a t io n , storm  c o n d it io n .
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F igu re  46 C r o s s -c o r r e la t io n s  betw een  c r o s s - s h o r e  v e l o c i t y  and
su sp en d e d  se d im e n t c o n c e n t r a t io n ,  f a i r  w e a th e r  c o n d i t io n .
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e n v iro n m e n t c a s e .  However, t h e r e  i s  n o  c r i t e r i a  t o  d e te rm in e  th e  
a p p l i c a b i l i t y  o f  th e  a p p ro x im a tio n  o f  f l u x .  B e c au se  an  e n e r g e t i c s  
m odel ca n  n o t  r e s o lv e  th e  p h a s e  r e l a t i o n s h i p s ,  i t  i s  p o s s ib l e  th e  
t r a n s p o r t  b y  w aves u n d e r  low  en erg y  c o n d i t io n  may b e  o v e r e s t im a te d .  
The t r a n s p o r t  r a t e  f o r  h ig h  e n e rg y  c o n d i t i o n  i s  h ig h  by an  o r d e r  o f  
m ag n itu d e  com pared  t o  th e  t r a n s p o r t  r a t e  f o r  low  e n e rg y  c o n d i t io n .  
T hus, s t i l l  w i th  th e  u n c e r t a i n t y  o f  th e  r o l e  o f m ean flow  a n d  waves 
u n d e r  f a i r  w e a th e r  c o n d i t io n ,  th e  t r a n s p o r t  r a t e  u n d e r  t h e  low  
e n e rg y  c o n d i t io n  i s  a l s o  e s t im a te d  by t h e  f i r s t  o r d e r  a p p ro x im a tio n , 
t h a t  i s ,  t h e  p r o d u c t  o f  mean c o n c e n t r a t io n  by m ean flow  v e l o c i t y .  A 
norm  f o r  th e  su sp e n d e d  se d im e n t t r a n s p o r t  under low  e n e rg y  c o n d i t io n  
i s  t h a t  th e  d i r e c t i o n  v a r i e s  b u t  th e  n e t  t r a n s p o r t  i s  u s u a l l y  
o n s h o re .
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6 . SUMMARY AND CONCLUSION
The d a ta  s e t  from  th e  D u c k '85 e x p e r im e n t sp a n  from  f a i r  t o  s to rm  
w e a th e r  c o n d i t io n s .  D u rin g  th e  s to rm  p e r io d ,  w aves p r o p a g a te  to w a rd  
s h o r e l i n e  and  f o r c e  o n s h o re  t r a n s p o r t  w h i le  w in d -d r iv e n  o f f s h o r e  
c u r r e n t s  d o m in a te  th e  o f f s h o r e  t r a n s p o r t .  U nder f a i r  w e a th e r  
c o n d i t i o n s ,  th e  mean f lo w  h a s  v a r i a b l e  s o u rc e s  s u c h  a s  t i d a l  
c u r r e n t s ,  m ass t r a n s p o r t ,  and a m p litu d e  m o d u la te d  low  f re q u e n c y  
w a v e s . The c o n t r i b u t i o n  and  d i r e c t i o n a l i t y  o f  e a c h  f lo w  com ponents 
a r e  com plex .
Wave b o u n d a ry  l a y e r  m odel shows t h a t  th e  d i s t r i b u t i o n  o f  eddy 
v i s c o s i t y  o u t s id e  b o u n d a ry  l a y e r  does  n o t  a f f e c t  much on th e  
p r e d i c t i o n  o f  maximum b o tto m  s h e a r  s t r e s s .  The s im p le  eddy 
v i s c o s i t y  a s su m p tio n  g iv e s  a lm o s t  th e  same p r e d i c t i o n  o f  b o tto m  
s h e a r  s t r e s s  a s  th e  p r e d i c t i o n  from  more c o m p lic a te d  d i s t r i b u t i o n  
f u n c t i o n  f o r  eddy  v i s c o s i t y .
A s im p le  tw o - la y e r  t im e - i n v a r i a n t  eddy v i s c o s i t y  m odel, i n  w hich  
t h i n  wave b o u n d a ry  l a y e r  i s  n e s te d  w i th in  th e  b o tto m  o f  t h i c k  
c u r r e n t  b o u n d a ry  l a y e r ,  s a t i s f a c t o r i l y  re p ro d u c e  b o tto m  s h e a r  s t r e s s  
and  c u r r e n t .  The change  i n  a n g le  b e tw e en  wave p r o p a g a t io n  a n d  
c u r r e n t  d i r e c t i o n  a f f e c t s  th e  b o tto m  s h e a r  s t r e s s  i n  su c h  a  way t h a t  
th e  b o tto m  s h e a r  s t r e s s  i s  minimum w ith  p e r p e n d ic u l a r  and  maximum 
w ith  p a r a l l e l  wave to  c u r r e n t .  The change i n  b o tto m  s h e a r  s t r e s s  i s  
a b o u t a n  o r d e r  o f  m ag n itu d e  in c r e a s e  to w ard  th e  o n s e t  o f  s to rm .
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The l a g s  b e tw een  b o tto m  s t r e s s  e x e r t e d  on th e  b ed  m a t e r i a l s  a n d  
th e  r e s p o n d in g  se d im e n t s u s p e n s io n  c o m p lic a te  th e  a p p l i c a b i l i t y  o f  
d i f f u s i o n  m odel i n  c a s e  o f  f a i r  w e a th e r  c o n d i t i o n .  The h ig h  c r o s s ­
c o r r e l a t i o n  w i th  z e ro  t im e  l a g  i s  o b s e rv e d  f o r  t h e  s to rm  w e a th e r  
p r o c e s s e s .  The v a r i a t i o n s  o f  th e  mean c o n c e n t r a t io n  confo rm  w i th  
t h e  v a r i a t i o n s  o f  mean s h e a r  s t r e s s e s  u n d e r  b o th  th e  h ig h  a n d  th e  
low  e n e rg y  c o n d i t i o n s .  T h is  v a l i d a t e s  th e  u se  o f  d i f f u s i o n  m odel 
f o r  th e  mean c o n c e n t r a t io n .  The d i f f u s i v i t y  o r i g i n a t e s  m o s t ly  from  
tu r b u le n c e  i n  c a s e  o f  s to rm  e v e n ts  w h e re as  th e  e f f e c t  o f  b ed fo rm  
g eo m etry  a n d  wave a d v e c t io n  become im p o r ta n t  m o d i f ic a t i o n  f a c t o r s . 
The m o d i f ic a t i o n  o f  t u r b u l e n t  d i f f u s i o n  from  th e  o th e r  f a c t o r s  su c h  
a s  v o r te x  b u r s t i n g  a n d  s e d im e n t- in d u c e d  s t r a t i f i c a t i o n  a r e  r e s o lv e d  
i n t o  a  v e l o c i t y  s c a l e  V f o r  w h ich  an e m p i r ic a l  f o r m u la t io n  i s  g iv e n  
f o r  a  w ide ra n g e  o f  e n e rg y  c o n d i t io n s .  The d i f f u s i v i t y  i s  g iv e n  by
‘' t s  “  K (u * l  + V) f o r  z ~ Sw
k (u A2 + V) f o r  z > $w ( 6 .1 )
w here
V -  -0 .2 5  u n  + 1 .4  ( 6 .2 )
The t o t a l  d i f f u s i o n  i s  g r e a t e r  th a n  t u r b u l e n t  d i f f u s i o n  u n d e r  low 
e n e rg y  c o n d i t io n  and  s m a l le r  u n d e r  h ig h  e n e rg y  c o n d i t io n .
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The r e v i s i o n  o f  th e  l a b o r a to r y  d a t a  o f  K a lk a n is  (1 9 6 4 ) and Abou- 
S e id a  (1965) r e s u l t s  i n  t h e  l i n e a r  r e l a t i o n s h i p s  b e tw e e n  th e  
r e f e r e n c e  c o n c e n t r a t io n ,  Cr> and  th e  e x c e s s  S h ie ld s  p a ra m e te r ,  0 e x .
Cr  -  0 .0 9  6 ex  ( 6 .3 )
T h is  s u g g e s ts  th e  u se  o f  th e  l i n e a r  r e l a t i o n s h i p s  b e tw e e n  C a n d  th e  
e x c e s s  s h e a r  s t r e s s ,  S.
^  b
C -  D ( 6 .4 )
r  1 + 7 *S
The t e s t  o v e r  a  s e t  o f  d i f f e r e n t  r e f e r e n c e  c o n c e n t r a t i o n  m odel show s 
t h a t  th e  r e s u s p e n s io n  c o e f f i c i e n t ,  7 , v a r i e s  w i th  d i f f e r e n t  flow  
c o n d i t i o n s .  U nder th e  h ig h  f lo w  c o n d i t io n s ,  t h e  7  c a l c u l a t e d  from  
th e  m easu rem en ts a t  d i f f e r e n t  l e v e l s  a r e  i n v a r i a n t .  The d e c re a s e  i n  
7  w i th  i n c r e a s in g  f lo w  i n t e n s i t y  i s  o b s e rv e d , w h ich  may b e  r e l a t e d  
w i th  t h e  a rm o rin g  e f f e c t .  E s p e c ia l l y ,  w ith  r a p i d  i n c r e a s e  flo w  
i n t e n s i t y ,  th e  r e d u c t io n  i n  7  v a lu e  i s  a p p a r e n t .  The d a t a  s e t ,  
h o w ev er, does n o t  p ro v id e  enough b ack g ro u n d  t o  g iv e  any q u a n t i t a t i v e  
e x p r e s s io n  o f  7 , s u g g e s t in g  n e c e s s i t y  o f  more d a t a .  The 7  i s  g iv e n  
a s  0 .0 0 0 3  f o r  h ig h  e n e rg y  c o n d i t io n  and  0 .0 0 2  f o r  low e n e rg y  
c o n d i t io n .  The m odel d e v e lo p e d  shows good a g re e m e n t w i th  th e  
m ea su red  c o n c e n t r a t io n .  The l i m i t a t i o n  o f  th e  m odel i s  t h a t  th e  
m odel does  n o t  r e s o lv e  th e  h o r i z o n t a l  a d v e c t io n  and  t h a t  t h e  m odel 
i s  n o t  w o rk in g  w e l l  i n  c a s e  o f  p o s s ib l e  p a r t i c l e  i n t e r a c t i o n .
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With u n c e r ta in ty  o f  th e  c o n tr ib u t io n  o f  mean f lo w  fo r  th e
su sp e n d e d  s e d im e n t t r a n s p o r t  u n d e r  f a i r  w e a th e r  e n v iro n m e n t, th e
e n e r g e t i c s  m odel s u g g e s ts  t h a t  th e  o n s h o re  t r a n s p o r t  by  w aves m ig h t
p r e v a i l  f o r  lo w -e n e rg y  t r a n s p o r t  b u t  th e  m ag n itu d e  i s  low by  a n
o r d e r  o f  m ag n itu d e  com pared  w ith  th e  h ig h -e n e rg y  t r a n s p o r t .  The
f l u x  c a l c u l a t e d  from  th e  m easurem ent and  th e  c r o s s - c o r r e l a t i o n
b e tw e en  th e  c r o s s - s h o r e  v e l o c i t y  an d  c o n c e n t r a t io n  i n d i c a t e s  th e
o v e r e s t im a t io n  o f  th e  r o l e  o f  w aves f o r  th e  t r a n s p o r t  u n d e r  low
e n e rg y  c o n d i t io n .  S torm  r e l a t e d  s t r o n g  mean c u r r e n t ,  r e l a t e d  to  th e
p r e v a i l i n g  n o r t h e a s t e r ,  i s  r e s p o n s ib le  to  t h e  o f f s h o r e  t r a n s p o r t  o f
s e d im e n ts  and  d o m in a te  th e  p r o c e s s .  The e s t im a te d  t r a n s p o r t  r a t e
from  th e  i n t e g r a t i o n  o f  su sp en d e d  se d im e n t f l u x  s u g g e s t s  t h a t  th e
e n e r g e t i c s  m odel can  be  u s e d  f o r  th e  th e  s tu d y  o f  s e d im e n t t r a n s p o r t
o v e r  an  i n n e r  c o n t i n e n ta l  s h e l f  o n ly  i f  th e  c o e f f i c i e n t s  su c h  a s
and  e be c a l i b r a t e d ,  s
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B o m  i n  U l j i n ,  K o rea  on 20 M arch, 1954. E n te re d  th e  D e p a rtm en t o f  
O ceanography  a t  S e o u l N a t io n a l  U n iv e r s i ty ,  K o rea , an d  g r a d u a te d  in  
1977 w i th  a  B a c h e lo r  o f  S c ie n c e .  A f t e r  s e r v i n g  i n  t h e  K orean  Army 
a s  a  p r i v a t e  f o r  t h r e e  d u l l  y e a r s ,  r e t u r n e d  t o  th e  g r a d u a te  p rog ram  
i n  t h e  same d e p a r tm e n t . R e c e iv e d  M a s te r  o f  S c ie n c e  i n  O ceanography  
i n  19 8 2 . Was em ployed  f o r  th e  n e x t  one an d  h a l f  y e a r  b y  th e  
D e p a rtm en t o f  O ceanography  a t  In h a  U n i v e r s i ty ,  In c h e o n , K orea , a s  a  
r e s e a r c h  a s s i s t a n t .  W ith th e  s c h o la r s h ip  from  th e  M in i s t r y  o f  
E d u c a t io n , K o rean  G overnm ent, d e c id e d  to  s e e  th e  b i g  w o r ld .  I n  
A u g u s t 1983, b e g a n  Ph.D.  p ro g ram  a t  th e  V i r g in i a  I n s t i t u t e  o f  M arine  
S c ie n c e .
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